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The history of science shows that theories are perishable. With every new truth that is 
revealed we get a better understanding of Nature, and our conceptions and views are 
modified. 
 
—— Nikola Tesla (1856-1943) 
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ABSTRACT  
The growing concerns around the long-term viability of the fossil fuel-based energy and its 
associated environmental cost are necessitating new research paradigms for energy generation 
and harvesting. An attractive and effective way to respond to the current energy crisis is through 
the harvesting of ambient mechanical energy from our environment. The conventional 
mechanical energy harvesting technologies are highly dependent on either the use of rare earth 
magnetic materials, high precision microfabrication techniques or composed of brittle materials, 
which are required to be driven at very high resonant frequencies, not frequently encountered 
beyond an industrial setting. Recently, triboelectric nanogenerators (TENG), based on the 
triboelectrification and electrostatic induction effects, have been demonstrated as a novel 
harvesting technique to collect and transform ambient mechanical energy into electric power. 
Unlike the other mechanical energy harvesters, the low-cost TENGs fabricated using 
commodity polymers and facile fabrication techniques, operate at low frequencies (1-10 Hz) 
with a high energy conversion efficiency.  
One of the key areas in TENG research is the enhancement of their electrical output to make 
them suitable for either making a self-powered system viable or powering small portable 
electronics directly. Except for the judicious use of tribo-materials or the tribo-layer architecture 
optimisation, the rest of the methods for enhancing the TENG output are reliant on expensive 
equipment and complicated processing, that undermine the advantages of TENGs and may not 
provide the required stability and reliability. This PhD study aims to establish novel strategies 
to enhance output performance of TENG by developing new tribo-materials and phenomena 
such as coupling of tribo-piezoelectric effects to showcase potential applications of the TENG 
devices. The research work conducted and the achievements are summarized as follows. 
Firstly, a novel output performance improvement strategy of utilising stress-induced 
polarization effect of the piezoelectric materials was proposed. An interfacial layer of 
piezoelectric zinc oxide (ZnO) nanosheets was deposited to generate additional piezoelectric 
charge induced by the vertical contact-separate generation cycle. This extra piezoelectric charge 
is injected into the upper polydimethylsiloxane (PDMS) tribo-negative layer for the 
enhancement of the surface charge density from ~110 μC.m-2  to ~225.7 μC.m-2. The 
introduction of the ZnO and Zn-Al:Layered Double Hydroxides (LDH), as charge injection 
layer and anionic clay, enhanced the instantaneous power output from ~11 W.m-2 to 47 W.m-2. 
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Subsequently, based on a similar principle, a novel composite of lead-free perovskite, zinc 
stannate (ZnSnO3), and a fluoropolymer, poly(vinylidene fluoride), PVDF, was proposed for 
the stress-polarisation tribo-negative behaviour with a simplified structure. The PVDF-ZnSnO3 
composite membranes were realised through a facile phase-inversion technique leading to 
higher piezoelectric constant (76.3 pm.V-1) and β-phase (72%) for the composites. When applied 
to the TENG devices, the PVDF-ZnSnO3 membranes allowed spontaneous polarisation effects 
which led to significant enhancement of the electrical outputs, with maximum peak-to-peak 
voltage and effective transferred current density of ~600 V and ~206 µC.m-2, respectively. The 
surface charge enhancement and distribution of the composite membrane were also probed and 
demonstrated through the electrostatic force (EFM) and piezoelectric force microscopy (PFM).  
To overcome the difficulty in processing of the currently known most tribo-negative material, 
polytetrafluoroethylene (PTFE), an emulsion electrospinning technique incorporating 
polyethene oxide (PEO) was introduced. It was observed that the subsequent thermal removal 
of PEO led to a significant degradation in the surface charge density of the obtained PTFE  
nanofibrous membranes, which was overcome using a facile negative ion-injection process. The 
measured electrical outputs, with a maximum peak-to-peak voltage output of ~900 V and charge 
density of ∼149 μC.m−2, demonstrated the excellent effect of the enhanced contact area to the 
improvement of the outputs. The work eliminates the demonstrated need for surface micro 
structuring using reactive ion etching of PTFE surfaces by introducing a relatively simple, cost-
effective, and environmentally friendly technique for fabricating fibrous fluoropolymers tribo-
negative layer for the energy harvesting applications. 
Finally, a unique mouldable material, aniline formaldehyde resin (AFR) was synthesised and 
characterised. The synthesised AFR, as a resinous polymer with significant amine (-NH2) groups 
acquires the most surface positive charge, is applied as a tribo-positive material. The heat-
pressed AFR thin-film based TENG was subsequently tested to demonstrate its outstanding 
performance serving as a tribo-positive layer compared to the Polyamide 6 (PA6)  and 
polyethene oxide (PEO), as one of the most common used tribo-positive materials. In addition, 
a Kelvin Probe Force Microscopy (KPFM) was subsequently employed to study the surface 
potential of the produced AFR layer and the surface potential change of the contact layers during 
the energy generation cycles.  
All of the produced high-performance TENGs (power output ranging from 9 - 47 W.m-2) have 
the potential to be utilised further in enabling self-powered systems and can serve as a new 
alternative energy harvesting source of great significance.
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1 INTRODUCTION 
1.1 Introduction & Motivation 
The challenges now faced by the world’s energy sectors are arguably far more significant than 
those of the 1970s energy crisis1, and more evidence indicate that they are about to get worse 
and more daunting. The vulnerabilities of the current energy sectors stem mostly from its strong 
reliance on fossil fuels: non-renewable, depleting resources responsible for the climate-changing 
greenhouse gases, including CO2, CH4, N2O, etc.) that were the major contributors to the net 
global warming potential.2 The fight against climate change implies a rapid, dramatic shift in 
world energy source–a shift that would be extremely challenging and unprecedented, and that 
would also require levels of investment measured in the tens of trillions of dollars. As shown in 
Fig. 1.1 , even if human beings do nothing to respond to the climate threat, the ever-increasing 
power consumption will drain the world’s oil, gas, and coal reserves eventually, in the 
foreseeable future. In addition, the quality of fossil fuel resources being produced now is in 
many cases much more inferior than was the case just decades ago, and it is rapidly declining.3 
 
Fig. 1.1 Primary energy consumption by world region, including commercially-traded 
fuels (coal, oil, gas), nuclear and modern renewables used in electricity production. 
(measured in terawatt-hours TWh)3 
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These two challenges, climate change and the effects of fossil fuel depletion, will require actions 
to avoid economic and environmental calamities. Such actions would entail the replacement not 
only of energy production infrastructure but also of much of our energy usage infrastructure, 
that were designed to take advantages of the specific capabilities of fossil fuels. In this regard, 
it provides great opportunities for modern renewable energies, their technologies and 
applications.  
In addition, with the development of data processing techniques and increasing maturity of 
network technology, Internet of Things (IoT) is becoming one of the leading concepts and 
directions for product/service development and innovation. More and more 
researchers/innovators are developing their new products based on the universal phenomenon 
of ‘interconnectedness’. According to Caroline Gorski, the head of IoT at Digital Catapult, the 
future is “about networks, is about devices, and is about data”. Relying on the data collected 
from the massive number of sensors embedded or installed (Fig. 1.2), various electronic devices 
connected with the personal terminals are allowed to communicate and cooperate with each 
other to improve the quality and efficiency of users’ daily life in all aspects. 
 
Fig. 1.2 A schematic depicting a component of the application scenarios of IoT.4 
Fig. 1.3 shows the statistics and forecasts for the global personal electronics market. It was 
estimated to be 1,646 million units in 2013, reaching 3,149 million units by 2020 with a 
compound annual growth rate of ~8.3%. Technological advancements, new demands, the 
emergence of new generations of wireless/communication technologies and innovation are 
expected to fuel market demand even further. The development of personal electronics is 
following the trend of miniaturization with more functionalities. With the saturation of the 
smartphone market and the recognition of the IoT concept, more types of devices will be 
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introduced in the forms of wearable gadgets and implantable sensor nodes with the high 
requirements of size, comfortability and utility.  
One of the significant issues related to these IoT devices development is their powering 
technology. Although batteries are the choice at the moment to power these  electronic devices 
and systems, the traditional small-sized chemical batteries not only cannot fulfil the increasing 
power requirements of the emerging tiny devices due to the limited lifetime but also may cause 
issues around recycling and environment at the end of their service life.5 The requirement for 
regular recharging or replacement batteries makes them less than ideal for deployment in IoT 
devices. Thus, alternatives are required for alternative power sources which can overcome the 
challenges posed by conventional batteries. 
 
Fig. 1.3 Market size and growth prospects of the global personal electronics market 
(Million units, Source: Consumer Electronics Association, PC magazine, Company 
Annual Reports, Primary Interviews, Grand View Research) 
Although human beings are facing a global energy crisis and related issues with increasing 
fragmented power demands, an enormous amount of ambient energy, in forms of motion, 
vibrations, heat, light, etc., are wasted. If these sources can be converted and utilised efficiently, 
then this type of harvesting can be the alternative power source or replenish the energy 
consumption of the low-power electronic systems. In this regard, various energy harvesting 
technologies6 have been explored to harvest these types of energies and use them as 
sustainable/auxiliary power sources for the systems, or serve as sensor nodes directly without 
needing external power sources.7 Embedding or integration of this type of energy harvesting 
devices into electronic system architectures would greatly simplify systems with the energy 
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consumption being reduced significantly or even eliminated to provide self-powered 
autonomous  systems. With such outstanding features, the energy harvesting devices based 
systems are expected to be widely utilised in the fields of security, 
environmental/infrastructure/health monitoring, sports training, defence technology and even 
large-scale energy generation, etc. 
1.2 Mechanical Energy Harvesting 
For traditional electricity generation in large-scale, i.e. tidal power plant, large gas-fired power 
plant, stationary solid oxide fuel cell, etc., the efficiency is quite low (~ 45% in average) as the 
mechanical energy is an intermediary of conversion from one energy form to electricity, e.g. for 
thermal power plants, energy stored in fuel is converted to mechanical energy by burning the 
fuel and converted into electricity through an electromagnetic induction process.8 In addition, 
as shown in Table 1.1, the broad use of fossil fuels in thermal power plants results in the 
following serious environment impacts: emissions of gases causes acidification (e.g. sulphur 
dioxides and nitrogen oxides), greenhouse gas emissions (e.g. carbon dioxide, methane, sulphur 
hexafluoride, etc.), ashes and dust emissions to air. 
Table 1.1 The emissions caused by 1,000 MW power generation.8 
 
In contrast, ambient mechanical energy is the cleanest, ubiquitous and accessible energy source. 
As is shown in Table 1.2, various types of mechanical energy exist in the surrounding 
environment in daily lives. Compared to the other most common renewable energy resources, 
such as wind and solar light, the ambient mechanical energy, particularly those associated with 
human activities, to be collected by the mechanical energy harvesters is comparatively less 
influenced by external factors, e.g. location, weather, season and timing. The mechanical 
harvesters are designed to directly transform mechanical excitations (energy) into electricity by 
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using different transduction mechanisms. Although the power associated with single human 
activities is relatively small in the range from ~6 mW of blood flow to ~70 W of walking, the 
sustainability and conversion efficiency can be expected.  
Table 1.2 Examples of the wasted ambient mechanical energy 
 
Electromagnetic energy harvesting devices are one type of classic mechanical energy harvesting 
devices based on the electromagnetic effect and Faraday’s law of induction.9 Such devices are 
designed to convert vibrational mechanical energy into electricity, and typically consist of 
coils/springs and magnetic materials.10 Thanks to the micro-fabrication technique, 
electromagnetic energy harvesting devices have been successfully minimized into ‘micro’ scale 
for applications in microsystems.10 On the other hand, the conception of ‘nanogenerators’ was 
firstly introduced in 2006 for the piezoelectric effect based nanogenerators (PENGs) using ZnO 
nanomaterials.11 According to the Web of Science Database, this revolutionary article has been 
cited more than 3500 times in the period from 2006 to 2016. Since then, more and more 
researchers have been attracted to the field of mechanical energy harvesting. By using various 
nanofabrication techniques, a large number of new types of PENG devices have been developed, 
and have been embedded for powering small-scale electronics or microelectromechanical 
systems (MEMS) or for sensing directly.12,13 
Since its invention in 2012, the Triboelectric Nanogenerator (TENG), based on contact 
electrification and electrostatic induction,14 has been regarded as one of the most effective means 
to harvest ambient mechanical energy.12 Compared with the other existing mechanical energy 
harvesting devices, TENG devices exhibit unique merits including high output voltage, 
considerable instantaneous output power, high energy conversion efficiency, simple structure, 
low-cost materials etc.15 As such, various micro/nanofabrication techniques have been applied 
to the field to realise higher output performance and various practical energy harvesting 
applications.16–18 The working mechanism/modes, theoretical models, and the mainstream 
fabrication/development techniques of the TENG devices are highlighted in the chapter of 
Literature Review (Chapter 2). 
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1.3 Scope & Organisation of Thesis 
With the development of the new wireless communication technology (Bluetooth BLE & 5.0), 
the power consumption has been significantly reduced from 1 W (as reference) down to 10 mW 
level due to the dramatically reduced data transmission time from typical 100 ms to about 6 ms. 
With this level of power consumption, wireless sensor network nodes can be powered by energy 
collected by nanogenerators. The overarching objective of nanogenerator development is to 
realise a self-powered sensor/wireless communication system, and it is now becoming more 
feasible and practical.19,20 Thus, it is reasonable to further improve the output performance of 
the triboelectric nanogenerators, so that they can be used in much broader areas even with higher 
power consumption requests. The primary focus of this work is to develop new and innovative 
tribo-negative materials for high-performance TENG fabrication. The organisation of the thesis 
is as follows:  
In Chapter 2, the thesis starts with a comprehensive literature review of the existing mechanical 
energy harvesters and their harvesting mechanisms, including piezoelectric energy harvesters, 
electromagnetic energy harvesters, electrostatic microgenerators, and triboelectric 
nanogenerators (TENGs). As the main objective of the work is to develop high-performance 
TENGs, special attention has been paid to study the energy generation mechanism and the 
fabrication techniques specific to the field of TENGs. The main working principle, stepwise 
demonstration of the generation process and the theoretical models of two mainstream operation 
modes (vertical contact-separate and parallel sliding) for TENGs are provided in detail. The 
strategies and fabrication techniques for TENG performance enhancement reported are 
discussed, and finally, a summary for all the mechanical energy harvesting devices is made to 
show their merits and shortages. 
Chapter 3 gives a brief introduction to the major fabrication techniques and equipment applied 
to produce/synthesis the critical materials utilised as the tribo-contact layers for this work. In 
addition, the material characterisation, electrical measurement techniques and equipment for 
studying the properties of the produced materials/devices are explained to provide a better 
understanding of the test/measurement results explained in the following works.  
In order to design and develop mechanical energy harvesting devices, an understanding of the 
working mechanism and device operation is necessary. It was reported that the output 
performance of phase-inversion Poly(vinylidene difluoride) (PVDF) based TENG could be 
significantly improved by coating on an interfacial hydrothermal-deposited piezoelectric ZnO 
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layer.21 In Chapter 4, a PDMS layer was deposited on the 2D piezoelectric nanosheets/anionic 
layer heterojunction for further enhancing surface charge density and hence the output 
performance of the produced TENG. Various material and electrical characterisation techniques 
were applied to study the working mechanism of the introduced interfacial ZnO and Al:Layered 
Double Hydroxides (LDH) layerS. 
Chapter 5 proposes a vertical contact-separation mode TENG based on lead-free perovskite, 
zinc stannate (ZnSnO3)-PVDF composite and polyamide 6 (PA6) membranes. The tribo-
negative layer was fabricated by using a series of facile techniques, including compounding, 
spin-coating, and phase inversion. The composite based TENG shows significantly enhanced 
output power, relying on the coupling of triboelectric and piezoelectric effects. Unlike the 
typical PVDF films which require polarization procedure via high electric field poling or 
external charge injection process, the produced composite membranes can realise a stress-
induced polarization based on the pressing process of the typical contact-separation energy 
generation cycles. The extra surface charge caused by the polarization effect significantly 
attributed to the TENG performance enhancement. 
Chapter 6 exhibited a high-purity PTFE nanofibrous membrane synthesized through a novel 
emulsion electrospinning method and its application in the TENG improvement. Electrostatic 
force microscopy (EFM)  measurements of the sintered electrospun PTFE membranes revealed 
the presence of both positive and negative surface charges owing to the transfer of positive 
charge from Polyethylene Oxide (PEO), which was used as the carrier material. To recover the 
ensuing triboelectric surface charge, a facile negative charge-injection process was carried out 
onto the electrospun PTFE subsequently. Because of the high surface area feature of the 
produced fibrous PTFE membrane, the produced TENG (contact against a phase-inversion PA6 
membrane) was demonstrated to give a much higher output performance with excellent stability, 
as compared to a commercial flat PTFE film based device. 
Chapter 7 reports on the synthesis and use of Aniline Formaldehyde Resin (AFR) films as tribo-
positive material to fabricate high-performance TENGs in combination with a tribo-negative 
PTFE film. The facile, acidic-medium reaction between aniline and formaldehyde produces the 
aniline-formaldehyde condensate, which upon an in-vacuo high-temperature curing step 
provides AFR films with a smooth surface and abundant positively-charged nitrogen and oxygen 
surface functional groups. Hence, AFR exhibit a significantly higher positive tribo-polarity than 
the existing state-of-art PA6.  
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Chapter 8 concludes the key findings and contributions of the thesis to the field of triboelectric 
nanogenerator. A future work section is also provided in this chapter to complement and 
continue the research to develop novel and more efficient mechanical energy harvesting devices 
and the application of the developed devices in practical scenarios. 
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2 LITERATURE REVIEW 
2.1 Introduction 
Energy harvesting or energy scavenging is the process by which energy is derived from the 
ambient elements such as vibration and mechanical movement, light, heat, etc. and converted 
into electric power.1 It should be emphasized that if not used, these ambient energies are lost to 
the environment and thus do not load the input source adversely.1–4 Various physical phenomena 
and effects have been utilized for energy harvesting, including photovoltaic and piezoelectric 
effects, thermal gradients and more recently triboelectric effect.2,5 Photovoltaic and thermo-
electric effects have been successfully utilized for large scale electricity generation, whereas 
other types of energy harvesting technologies are currently primarily restricted to applications 
requiring a small amount of power such as autonomous microsystems, wireless sensor networks, 
wearable and portable electronics. Although electronic devices and systems have been made 
high energy efficiency and the battery technology has come a long way with much-improved 
efficiency and prolonged lifetime, batteries are still not able to meet the power requirements for 
the ever-increasing electronic devices and systems due to their limited life span and necessary 
periodic replacement.6–9 For low power devices, energy harvesting from the mechanical 
movement is believed to be a desirable route as most of the physical activities are based on 
mechanical movement, which is irrespective of the environment.10,11 Thus, there is a massive 
potential for the energy harvesting techniques to alleviate the rising demands in electric energy, 
especially for the rapid development of wireless sensor networks, and portable, wearable and 
implantable electronics.  
The state-of-the-art techniques in the field are presented in the literature review section. 
Different operational principles that mainstream mechanical energy harvesting devices have 
been derived from are explained in the first part of this chapter. Furthermore, some of the more 
outstanding results in the field of mechanical energy harvesting are reviewed and discussed. The 
second part of the chapter mainly focuses on the techniques resulting in rapid progress in the 
field of TENGs, including structure optimisation, surface modification, charge injection, and 
surface functionalisation techniques. Based on the enhanced output performance and the 
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creative designs/structures, the realised widened application scenarios in both energy harvesting 
and self-powered sensing areas will be briefly discussed as well.  
2.2 Piezoelectric Energy Harvesters 
According to the Oxford Dictionary, the word ‘piezo’ is derived from the Geek ‘piezein’, which 
means to ‘squeeze’ or ‘press’. As the name implies, piezoelectric materials can provide an 
electrical response to mechanical stimulation.12 The effect was first discovered experimentally 
in tourmaline crystals by brothers Pierre and Paul-Jacques Curie in 1880.13 Many types of 
piezoelectric materials exist, including natural crystals (Quartz, cane sugar, dry bone, etc.), 
synthetic crystals (Lithium niobate, Gallium orthophosphate, etc.), synthetic ceramics (Barium 
titanate, Zinc Oxide, Lead titanate, etc.), and polymers including PVDF (Poly(vinylidene 
fluoride) & its copolymer (P(VDF-TrFe), P(VDF-TFE)) (Poly(vinylidene fluoride-
trifluoroethylamine and tetrafluoroethylene), and odd-numbered polyamides (PA7-7 and 
PA11), etc.).  
 
Fig. 2.1 Piezoelectric effect explained by the molecular deformation of one of the classic 
piezoelectric materials, quartz, in different states. (a) The neutral state without external 
force, (b) polarised state due to the external force or tension and (c) polarised state due to 
the applied compression. 
The piezoelectric effect is schematically visualized in Fig. 2.1, and obtained via the deformation 
of a quartz molecule. In the absence of a mechanical input, the molecular structure of quartz 
shows a centrosymmetric structure (as shown in Fig. 2.1a). The system is electrically neutral 
under no force since the centres of the masses for both positive and negative charges are at the 
same position. When the molecular structural deformation occurs due to the tension (Fig. 2.1b) 
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or compression (Fig. 2.1c), a dipole moment is created due to the separation of the centres of 
mass for the positive and negative charges. Thus, for synthetic materials, the piezoelectric effect 
is linear with respect to the magnitude of the stress input. The density of generated electrical 
charge,𝑃𝑃, on the surfaces which are perpendicular to the polar symmetry crystallographic axes 
can be calculated by, 
 𝛥𝛥𝑃𝑃 = 𝑑𝑑 × 𝑇𝑇 (2.1) 
where 𝑇𝑇 is the external mechanical pressure applied and 𝑑𝑑 is called the piezoelectric charge 
coefficient. Subsequently, the converse piezoelectric effect was also suggested wherein the 
deformation of crystals can be realised by placing the piezoelectric materials in an electric field. 
The resulting mechanical strain (S) is given by 
 𝑆𝑆 = 𝑑𝑑 × 𝐸𝐸 (2.2) 
Where E is the electric field strength at the region, and the proportionality coefficient is the same 
as the piezoelectric coefficient, d. Owing to this unique phenomenon, the piezoelectric materials 
are commonly applied as the critical components for sensors14 and actuators15,16. The 
relationship between the first-rank tensor or vector (D or E) , the second-rank tensor (σ or S) 
can be described as (i, j, k =1, 2, 3)17 
 𝐷𝐷𝑘𝑘 = 𝑑𝑑𝑘𝑘𝑘𝑘𝑘𝑘𝜎𝜎𝑘𝑘𝑘𝑘  (2.3) 
Where Einstein’s summation rule for repeated indices is implied. According to the modelling, 
for the crystals with a centre of symmetry, all components of the piezoelectric tensor will be 
negated. Thus, the crystallographic symmetry of materials plays a decisive role in the generation 
of piezoelectric phenomena. However, some centrosymmetric ceramic material can be poled by 
the action of the applied electric field due to the movement of the ferroelectric domain walls. 
With the requirement of spherical symmetry, the poled ceramic materials commonly have three 
independent piezoelectric coefficients (d33, d31, & d15), that relate to longitudinal, transverse, 
and shear deformations to the electric field applied along and perpendicular to the poling 
direction.17 Also, the non-linear piezoelectric effect was found on a number of polar 
semiconductors, which depends on both the first and second-order (or higher) products 
piezoelectric coefficients times products of the strain tensor components.18 
Polymer piezoelectric materials have many advantages compared to crystal counterparts in 
applications, including being non-toxic, flexible, bio-compatible and possessing a high 
piezoelectric charge coefficient.19 PVDF, as one of the most important semi-crystalline 
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polymers, can be classified into four phases, depending on the chain conformation of trans (T) 
or gauche (G) linkages. Except for the most stable, non-polar α phases; the β, γ, and δ phases all 
show piezoelectric properties. Compared to the other two polar phases, β phase PVDF is the 
most attractive one due to the highest dipole moment per unit cell of ~8 × 10−3  oC.m and 
remnant polarisation. As shown in Fig. 2.2, the β phase PVDF has a planar zigzag trans structure 
(TT). All fluorine atoms are forced along the carbon backbone to come closer and overlap the 
van der Waals radii, which creates an organized crystal to allow a higher packing density and 
produces a net polarization of the unit cell.20,21 The significantly higher dipolar alignment results 
in the strong piezoelectric properties of β phase PVDF which can be utilized widely for sensing, 
actuation22,23 and energy harvesting applications24–26. 
  
Fig. 2.2 Schematic of β phase PVDF film (a) without an applied electric field, (b) with the 
applied electric field in the opposite direction of poling direction causes stretching in 
length, (c) with the electric field in the same direction of poling direction caused a 
contraction in length.27 
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For piezoelectric effect-based devices, transverse and longitudinal effects are commonly utilized 
as the operation modes that are associated with the piezoelectric coefficients d31 or d33 
(transverse and longitudinal are often being designated as the d31 and d33 modes respectively).28 
They can be distinguished by the relative directions of the electric field and the strain. For the 
d31 devices, the electric field is perpendicular to the input strain, while in the d33 mode, the 
electric field is parallel to the input strain.29 Conventional piezoelectric MEMS devices/actuators 
typically have the d31 configuration in which a piezoelectric layer is sandwiched between two 
electrodes and the generated voltage is proportional to the thickness of the piezoelectric layer. 
For MEMS type harvesters, the thickness of the piezoelectric layer is usually smaller than 1 μ 
m, and if the d33 mode is utilized, the generated voltage would be too small for energy 
harvesting.30 Thus, the d33 mode piezoelectric device is not considered as a favourable working 
mode for energy harvesting applications. 
Since the idea of ‘nanogenerator’ was raised by Prof. Z. Wang in terms of the “piezoelectric 
nanogenerator (PENG)” in 2006, the piezoelectric effect started to be considered seriously as a 
potential approach to harvest and convert mechanical energy into electricity.31 As shown in Fig. 
2.3, a conventional d31 mode piezoelectric energy harvester (vibration-to-electricity converter) 
is commonly designed in the cantilever shape to enhance the magnitude of displacement (z) 
excited by external vibrations or cyclic forces applied to the tip, hence resulting in a higher stain 
(s) at the piezoelectric layers to increase the generated charge density. The higher density of 
generated charge can lead to a higher magnitude of open-circuit voltage (𝑉𝑉𝑜𝑜𝑠𝑠) at the attached 
electrodes in alternating directions. 
 
Fig. 2.3 Schematic of a piezoelectric vibration-based generator. The variate ‘s’ represents 
the strain in the piezoelectric layer in the arrow direction, ‘V’ represents the open-circuit 
voltage generated, ‘M’ is the mass to generate vibration and ‘z’ represents the vertical 
displacement.32 
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In 2014, Soin et, al.33 proposed an all-fibre 3-D piezoelectric power generator (shown in Fig. 
2.4) by utilizing the PVDF monofilaments with high β-phase content which were produced 
through a bi-component pilot plant scale extrusion process. The novel all-fibre piezoelectric 
nanogenerator, with Ag-coated polyamide yarn as the electrodes, was demonstrated to give an 
output power density in the range of 1.10 μWcm-2 to 5.1 μWcm-2 depending on the magnitude 
of the impact pressure. The intimate connection between PVDF fibres and conductive yarn lead 
to a high charge transfer efficiency. Compared with the previously proposed knitted 2D textile 
structures, with an output power density of ~1.18 μWcm-2, the new structure not only can 
provide a much higher output performance, but also to enable the textile to become the energy 
generation device instead of acting as the structural holder only to achieve a better structure 
stability/durability, and a more uniform compression pressure across the surfaces.34,35 Wearable 
devices are expected to be embedded into the produced energy harvesting fabric and be powered 
by the energy harvested from human motions due to the features of high softy and flexibility. 
 
Fig. 2.4 (a) SEM image of the structure of the produced three-dimension (3-D) 
piezoelectric fabric power generator.  (b) schematic image of the working mechanism of 
the power generator. 
For the first real example of NANOgenerators, a ZnO nanowire array-based PENG was reported 
in 2006 by Wang et al.31  For this ZnO nanowire-based PENG, each single one-dimensional (1-
D) ZnO wire (shown in Fig. 2.5a) can be considered as a cantilever-shaped piezoelectric 
nanogenerator. When the ZnO nanowire is deformed by a conductive AFM tip, charges are built 
upon the top of the ZnO nanowire owing to the piezoelectric effect and the generated charges 
are quickly transferred through the top electrode (AFM tip) to the grounded bottom Ag substrate. 
An external energy management circuit can subsequently be connected to collect the charge 
flow generated. A physical model was also established to study the physical principle of the 
piezoelectric discharge process (Fig. 2.5c A-D). The cause of the symmetric voltage output 
curve and the offset in reference to the corresponding topography peak along the direction of 
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the tip scan were discovered (Fig. 2.5c D-F). In addition, as shown in Fig. 2.5c D-I, the existence 
of an Au particle (electrode) at the top of the nanowire will result in a modification of the output 
signals. The energy conversion efficiency of such a ZnO nanowires-based nanogenerator was 
estimated to reach ~17% to ~30%. In their further work, Pt-coated silicon zigzag structure was 
used as the top electrode, and the device was packaged for wearable applications,36 showing an 
output power density up to 10 μW.cm-2. They believed that the performance of the 
nanogenerators could be significantly improved by two to three orders of magnitude by using a 
higher density of the ZnO nanowires. 
 
Fig. 2.5 Schematic of (a) a full generation cycle of a single ZnO nanowire which is excited 
by a conductive AFM tip, (b) an ultrasonic wave driven polymer packed ZnO nanowires 
array-based nanogenerator, (c) the simulation transport process by a metal-
semiconductor Schottky barrier for a ZnO nanowire.31,36 
Since then, more researchers have been attracted into the field of micro-scale mechanical energy 
harvesting for the development of both high output performance and application scenarios. 
Recently, Huan et al. reported a high-performance Ag/(K,Na)NbO3 based flexible PENG 
(shown in Fig. 2.6a).37 By attaching an optimal amount (3%) of Ag nanoparticles, the device 
generated an open-circuit voltage (Voc) of 240 V, and a short-circuit current of 0.3 μA under a 
mechanical stress of 0.1 MPa, which are two orders of magnitude higher than the outputs of a 
generator with pure KNN ((K,Na)NbO3) powder. By observing the measurement and COMSOL 
analysis results, as shown in Fig. 2.6b, it was understood that the loading of Ag nanoparticles 
can intensively enhance the polarisation and reduce the breakdown strength (decreased from 
190 kV.mm-1 without Ag to 170 kV.mm-1 with 6 wt.% Ag content) of KNN particles which 
enhance the partial voltage applied to the KNN particle layer during the poling process, thereby 
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boosting the outputs. In addition, the produced device exhibited good stability in the tests excited 
by various mechanical motions, such as bending, tapping and pressing.  
 
Fig. 2.6 (a) Schematic image of (i) Ag/(K,Na)NbO3-based PENG device and (ii) 
Ag/(K,Na)NbO3  layer, (iii) SEM image of Ag/(K,Na)NbO3  layer and (iv) photograph of 
the devices. (b) Simulation analysis results of the KNN based PENG device without (a1, 
b1, c1)/with (a2, b2, c2) Ag nanoparticles.37 
Apart from realising energy harvesting devices, researchers have recently fabricated a single-
electrode piezoelectric nanogenerator array-based e-skin sensor.38 The low-cost, effective 
handheld electrospun PVDF fibres (Fig. 2.7) based e-skin is able to realise a steady-state 
sensing/mapping pressure and temperature on a single unit, shown in Fig. 2.7(d&e), which can 
significantly simplify the sensing of the low-level sensorimotor skills and reduce the information 
processing complexity in the large-area networks.39 Based on the feature, the e-skin can sense 
human motions (patting table, walking, running or joint bending, etc.) and temperature of the 
surrounding environment based on the magnitude of voltage outputs and signal waveforms (Fig. 
2.7d&e). The device is expected to be embedded in functional systems, such as robots and 
androids. 
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Fig. 2.7 The handheld electrospinning & the fabricated piezoelectric nanogenerator based 
single-electrode e-skin.38 
As one of the Pb-free piezoelectric materials in the non-centrosymmetric group, zinc stannate 
(ZnSnO3), shows a strong piezoelectric response and a large spontaneous polarization.40 This 
large polarisation is attributed to the large displacement of Sn-based covalent bond between 
three oxygen and zinc atoms41, and the polarization is significantly higher than those of other 
oxides such as KNbO3, ZnO and BaTiO3. As a relatively new material, ZnSnO3 is a material to 
be utilized in the piezoelectric application for nanogenerators in various structures with high 
polarization, for example, ZnSnO3 with LiNbO3 (LN)-type structure40, synthesized upon high 
pressurization or ilmenite-type ZnSnO3 synthesized by an ion-exchange method42. In 2012, Wu 
et al.43 synthesised ZnSnO3  triangular-belts with an average 200-300 μm in length and 20 𝜇𝜇m 
in width on Si substrates. The as-prepared triangular-belts were permeated evenly and 
horizontally on a PDMS layer during the solidification process. The subsequently solidified 
layer was assembled to be a piezoelectric nanogenerator with two electrodes (Cu/Cr coated 
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Poly(imide) films) as shown in the inset of Fig. 2.8b. The device produced an instantaneous 
maximum power output of ~11 μWcm-3 at a mechanical deformation of ~0.1% strain condition. 
The device also exhibited very stable outputs while driven by the mechanical inputs with the 
frequency range from 0.3 to1.6 Hz.  
 
Fig. 2.8 (a) Schematic structure of the crystallographic structure of ZnSnO3. SEM cross-
sectional view of the ZnSnO3 nanobelts structure grown on the Si substrate (inset: a 
photographic image of the produced ZnSnO3 nanobelt based PENG). 
As the first developed nanogenerator, the PENGs have exhibited a significant impact in the field 
of energy harvesting and sensing systems.  With the rise of various unique fabrication techniques 
and the introduction of a large number of new piezoelectric nanomaterials, PENG experienced 
an initial rapid development stage. The research area of the PENGs based system has stepped 
into a ‘consolidation’ stage, and only a monotonic progress trend is expected in the next few 
years.2 In fact, the bottlenecks of the relatively complex fabrication procedures, low energy 
conversion efficiency and poor durability hinder the mass production and commercial 
application of PENGs.  
2.3 Electromagnetic Energy Harvesters 
Electromagnetic energy harvesters are based on the principle of Faraday’s law, which are named 
after the English scientist Michael Faraday (1791-1867).44 The principle explains the 
electromagnetic induction phenomenon due to the manner in which the time-varying magnetic 
field induces a rotational electric field. As shown in Fig. 2.9(c), the integral form of the law can 
be expressed as 45 
�𝑒𝑒
𝑆𝑆
∙ 𝑑𝑑𝑑𝑑 = −� 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡
∙ 𝑛𝑛�𝑑𝑑𝑑𝑑
𝑆𝑆
 (2.4) 
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Where 𝒆𝒆 is the electric field around a closed path C, 𝜕𝜕 is the magnetic flux density over a closed 
surface A contoured by C, 𝑛𝑛� is an outward normal unit vector perpendicular to 𝑑𝑑𝑑𝑑, and 𝑑𝑑𝑑𝑑 is a 
vector element of length along the contour path C, which indicates that change rate of the 
magnetic flux is negatively proportional to the integral of the electric field it induces over the 
path. Based on the theory, the phenomenon was initially widely utilized in the field of large-
scale electrical power generation. With the development of the micro-fabrication techniques, 
researchers have realised that electromagnetic generator can also be produced at a much smaller 
scale.  
 
Fig. 2.9 Schematic diagram of the electromagnetic induction phenomenon. (a-b) explain 
the change of magnetic flux (ΔB) in the loop generates voltage，thus the flow of current. 
(c) schematic image of the simplified electromagnetic system.45 
In 1997, Shearwood and Yates46 developed one of the first electromagnetic generators at a 
micro-scale. The rare-earth SmCo magnet, polyimide spring and planar gold coils based micro-
sized device can generate a maximum root mean square (RMS) power of 0.3 μW at a resonant 
vibration frequency of 4.4 kHz. In 2003, an AA-battery-size electromagnetic generator was 
produced using a laser-micromachined resonating copper spring.47 Driven by a vibration input 
with relatively low-frequency range (60 to 110 Hz) and amplitude (~200 μm), the maximum 
RMS power reached ~680 μW. They claimed that the application scenarios of the 
electromagnetic microgenerator were widely extended due to the significantly enhanced output 
performance through the novel design of the resonating spring vibrating horizontally with the 
input vibration.  
Besides, a two-degree-of-freedom (2DOF) structure was proposed to realise a generator with 
multiple vibration bandwidth/wavelength. As shown in Fig. 2.10, Tao et al. realised an 
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electromagnetic microgenerator based on a 2DOF resonant and impact-induced nonlinear hybrid 
system.57 The two-parallel-plates system has two resonant peaks, which can give a much wider 
operational bandwidth, and the gap between the resonant peaks can be bridged by adjusting the 
nonlinearity portion of the system. The output power of the harvester was maximised at 0.96 
nW at the optimal load resistance of 12 kΩ. 
 
Fig. 2.10 (a) Schematic drawing MEMs electromagnetic vibration energy harvester, (b) 
two-degree-of-freedom resonant structure, SEM image of (c) auxiliary subsystems (d) 
primary mass and (e) spring beam structures.57 
Recently, a study on the application of Ferrofluid (FF) in the electromagnetic micro-harvesters 
was carried out by Chiu and Hong.48 The system (shown in Fig. 2.11) was built based on a 
macro-scale technology platform integrating rigid flame retardant (FR)-4 boards, flexible 
polyimide (PI) structures, and embedded cavities. By filling oil-based FF in the embedded 
cavities, the output performance of the harvester was enhanced by up to 70% for the output 
voltage and 195% for the output power as compared with the harvesters without FF. The tiny-
size harvester (20 mm×20 mm×4 mm) can generate a maximum of 2.3 μW at a 196 Hz 
resonant frequency. The system can be further updated by filling FF with higher permeability 
and magnet mass. In the field of micro/macro-mechanical energy harvester, the electromagnetic 
induction-based harvester has the lowest impedance. However, due to the relatively complex 
internal structure, the size of devices is limited by the MEMS manufacturing techniques, 
especially in producing suitable coils and magnets. 
Chapter 2 Literature review 
      Pengfei Zhao – Feb 2020                                                                  22 
 
Fig. 2.11 Schematic, exploded photo view of the developed ferrofluid based 
electromagnetic harvester.48 
2.4 Electrostatic microgenerators 
In 2001, a novel vibration driven energy harvester made by microfabrication was proposed by 
Meninger et al49. Based on the MEMS variable capacitor, vibrational mechanical energy can be 
converted into electric energy by periodically changing the gaps between the charged parallel 
capacitor plates. With the development of the field, the options of the moving components 
(plates) were widely extended, including electrodes49,50, piezoelectric materials51, and 
electrostrictive polymers52. Based on three different proof-mass motions, the electrostatic 
generators can be classified into an out-of-plane gap-closing mode (Fig. 2.12 a), in-plane overlap 
varying mode (Fig. 2.12 b-e), and in-plane closing mode (Fig. 2.12 f), respectively.53 On this 
basis, Hoffmann et al. designed a generator using triangular electrodes to improve the overall 
capacitance over the mass motions.54 
  
Fig. 2.12 The demonstration of various motions (indicated by arrows) of the plates in the 
MEMS variable capacitor systems.53 
For the most common linear resonant structure design, the narrow operating bandwidth limits 
the practical application of the harvesters. Nguyen et al. suggested that the stiffness adjustment 
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of the spring is able to increase the operating frequency bandwidth of the electrostatic 
generator.55 Subsequently, they verified their hypothesis by producing an electrostatic energy 
harvester (shown in Fig. 2.13) based on nonlinear springs.56 Under a broadband random 
vibration test, the bandwidth was widened considerably with the growing vibration strength 
while the upper range of the spectrum stayed constant. In addition, as compared to the 
electrostatic microgenerator based on a linear system, the output power of the nonlinear springs 
based device was significantly enhanced by 400% to 600%. 
 
Fig. 2.13 Demonstration of (a) schematic drawing, (b) model, (c) microscopic close-up of 
electrode fingers and nonlinear spring, and (d) test board for the nonlinear springs based 
electrostatic energy harvester.56 
Compared to the electromagnetic microgenerators, an electrostatic microgenerator can be 
fabricated in a simpler MEMS structure with a smaller size. However, because of the basic 
principle and the working mechanism of the device, the shortcomings of relatively low power 
output, the requirement of the external voltage supply (bias), and a fast charge retain time, limit 
the application of this type of devices in the small electronic and self-powered systems.  
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2.5 Triboelectric Nanogenerator 
The operating principle of TENGs is based on the coupling of contact electrification and 
electrostatic induction effects.58 When two dissimilar materials are brought into contact with 
each other, electrons tend to get attracted from the relatively tribo-positive material surface to 
the relatively tribo-negative one. Subsequently, the electric field and electrostatic voltage will 
be generated when two materials are separated. However, it needs to be emphasized that, at 
least, one of the contact layers must be an insulator to ensure that the produced charges remain 
on the surface after the separation of the tribo-interface; otherwise there will be no charge, hence 
no voltage output from the device. 
2.5.1 Triboelectrification Effect 
The rubbing charging effect, as one of the oldest physical phenomena observed by humans, was 
recorded dated as early as 600 B.C in Thales of Miletus.59 Because the phenomenon was initially 
observed by the hair being attracted by rubbed amber jewels, thus, the phenomenon was also 
called ‘amber effect’. Until 1600, in the book “de magnet”, Gilbert defined the phenomenon as 
“electric” by the Greek term of amber as the colour of the material reminded them of the pale 
of sunlight. After more than a century, the charge was demonstrated to exist in two different 
types, positive and negative, by du Fay in 1733. The charging process is well recognized as the 
transfer of electrons from the metal (positive charged) to the accompanying material (negative 
charged).60 The positive charge appears on transparent materials such as glass, and the one 
generated on the amber surface was defined as negative. After that, the concepts of electricity 
started to develop, for instance, the law of charge conservation (Franklin in 1747) and the law 
of the interaction of charges (Coulomb in 1785). In 1757, the first triboelectric series was edited 
by Swedish physicist Johan Wilcke.61 In the series, selected types of materials were arranged in 
order as the series, with the material on the left side in the series being more positively charged, 
and materials on the right side being more negatively charged (one of the published series is 
shown in Fig. 2.14). In other words, the right ranked materials in the series tend to gain 
interfacial electrons from the left ones through contact or friction process. The modern theories 
of the ‘contact charging’ were established in 1789, and it was finally accepted that the ‘amber 
effect’ is caused by contact rather than rubbing and hence was renamed as ‘contact 
electrification’ effect.  
However, some of the more recent experimental results suggested that both rubbing and stress 
play a significant role to enhance the efficiency of charge transfer by generating an electron-
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hole pair in mid-gap states on monolayer surfaces.62–64 In 2010, Mario et al. reported that even 
the contact of identical materials could generate charge because of the random, microscopic 
fluctuations in the surface composition.65 It is also commonly agreed that the contact 
electrification is a highly irreproducible phenomenon which is sensitive to the material 
composition, contact process62–64,66 and environment conditions.60 Therefore, currently, the 
hypotheses to predict the position of materials in the triboelectric series solely by a general 
physical basis (such as permittivity67, work function68, etc.) are questionable. However, for the 
same type of materials, the quantity of electrification induced charge is related to the certain 
physical properties of the tribo-materials used.69 
 
Fig. 2.14 One of the published triboelectric series.59 A left-hand material in contact with a 
right-hand material will charge positively, and vice versa. 
Thus, the contact electrification phenomenon can be summarized as follows: when two materials 
are brought into contact or rubbed each other, electric charge is transferred from one material to 
the other, which causes the contact bodies to carry equivalent but different types of charges.70,71 
Even though there is no universally recognised generation principle for such effect, the 
phenomenon has been widely applied in industry and daily life, for example, the industrial 
granular flow processes72–74, pharmaceutical dispersal process75–77, electrophotography 
process78–80 and gas purification/filtering process81,82, etc. Since the first triboelectric 
nanogenerator was invented in 2012, it has gained worldwide attention in the fields of both 
energy harvesting and self-powered sensing.83 The theory and working principle for the different 
types of the standard TENG devices classified by their operating modes are explained in the 
following sections. 
Chapter 2 Literature review 
      Pengfei Zhao – Feb 2020                                                                  26 
2.5.2 Vertical contact-separation-mode TENGs 
One of the first TENGs being reported, the standard vertical contact-separation-mode TENG, 
operates via the periodical vertical contact-separation mechanical motions induced varying 
electric field between two tribo-layers.84 The induced potential built on backside metallic 
electrodes can be used to drive alternating charge flow in the external circuit connected between  
the two electrodes.  
A brief demonstration of a standard vertical contact-separation-mode TENG’s energy harvesting 
cycle is shown in Fig. 2.15. In the initial state (Fig. 2.15a), there is no charge or inducted electric 
potential difference between two electrodes. When two triboelectric layers are bought into 
contact by an external force (Fig. 2.15b), the surface charge transfer takes place due to the 
triboelectrification effect. An electric field will be generated between two contact layers during 
the subsequent release process and induce an electric potential between the backside electrodes 
which drive electrons to flow from the bottom electrode to the top one (Fig. 2.15c). The strength 
of the electric field reaches its maximum value until the layers are fully released to their original 
position (spacer distance). Meanwhile, the system reaches an electrostatic equilibrium state. 
Subsequently, when a pressing force is followed to make two layers to come close again, the 
reverse change of the electric field strength will induce a potential with opposite direction to 
drive the electrons flow back from top electrode back to bottom one (Fig. 2.15d) until two layers 
fully contact with each other to reach another equilibrium state (Fig. 2.15b). Thus, when two 
electrodes are connected, each generation cycle of a typical vertical contact-mode TENG device 
will generate a complete alternating electrical signal. 
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Fig. 2.15 Schematic of one complete charge generation cycle of a vertical contact-mode 
TENG.  
Because of the system design requirements, it is necessary to have a thorough theoretical 
understanding and modelling of the energy harvesting process. Niu et al. developed a 
comprehensive theoretical model to clarify the relationship of the real-time output performance 
and the main parameters of the TENG devices.85 As shown in Fig 2.15, the TENG structure can 
be viewed as a parallel plate capacitor system with two electrodes (Electrode 1 and Electrode 
2), and dielectric contact layers (triboelectric layers) of the thicknesses 𝑑𝑑1 and 𝑑𝑑2, respectively. 
In a vertical contact-mode TENG system, the most critical output and dynamically controlled 
operation parameters are: 
• the voltage (𝑉𝑉) generated between two electrodes by charge induction 
• the amount of transferred charge (𝑄𝑄) between two electrodes 
• the separation distance ( 𝑥𝑥 ) between two triboelectric layers ( 𝑥𝑥(𝑡𝑡)  represents the 
separation distance at real operation time 𝑡𝑡) 
The system with a tribo-contact-area of S can be modelled by defining the relationship between 
these three parameters, which was named as V-Q-x relationship.86 Under an ideal condition, 
without considering the non-uniform distribution of the electric field on the edges, the open-
circuit output voltage (Voc) established between the back electrodes can be expressed by: 
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𝑉𝑉𝑜𝑜𝑠𝑠 = 𝜎𝜎𝑥𝑥(𝑡𝑡)𝜀𝜀0  (2.5) 
Where ε0 represents the difference in permittivity between a vacuum and air, 𝜎𝜎 is the surface 
charge density.  
At a short-circuit condition, a charge flow is driven through the connecting wire between two 
electrodes by the induced potential. The amount of transferred charge can be presented by: 
 
𝑄𝑄𝑠𝑠𝑠𝑠 = 𝑆𝑆𝜎𝜎𝑥𝑥(𝑡𝑡)𝑑𝑑0 + 𝑥𝑥(𝑡𝑡) (2.6) 
Thus, the generated ISC is given by 
 
𝐼𝐼𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑄𝑄𝑆𝑆𝑆𝑆𝑑𝑑𝑡𝑡 = 𝑆𝑆𝜎𝜎𝑑𝑑0𝑣𝑣(𝑡𝑡)(𝑑𝑑0 + 𝑥𝑥(𝑡𝑡))2 (2.7) 
Where 
 
𝑑𝑑0 = 𝑑𝑑1𝜀𝜀1 + 𝑑𝑑2𝜀𝜀2  (2.8) 
Here ε1 and ε2 are the relative dielectric constants of two triboelectric contact layers, d1 and d2 
represent the thickness of two tribo-contact layers. By observing these established models, the 
generated potential difference, transferred charge, and resulting current are all directly 
proportional to the surface charge density (𝜎𝜎) generated during the contact charging process. 
Thus, it is reasonable to suggest that the improvement of the surface charge density, 𝜎𝜎,  on the 
contact interface is the key to enhancing the output performance of TENGs.  
2.5.3 Sliding-Mode Triboelectric Nanogenerators 
The parallel sliding-mode TENGs operates via an in-plane sliding motion occurring between 
the two in-contact tribo-layers. As shown in the schematic of the energy generation cycle (Fig. 
2.16), the periodical change of the contact area between two sliding layers leads to an alternating 
flow of induced charges on the electrodes to drive electrons across the connected external load. 
When two triboelectric layers are fully overlapped and contact with each other, like the contact-
mode TENG, the surface charge transfer takes place due to the triboelectrification effect. Net 
positive charges will generate on the surface of the tribo-positive layer, and the same amount of 
negative charges will be transferred to the surface of the tribo-negative one (Fig. 2.16a). When 
two layers start to slide parallelly to separate, an enhancing electric field with the direction 
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pointing from left to right almost parallel to the sliding plane is generated to induce a growing 
potential at the back electrodes (Fig. 2.16b). In the meantime, a current flow is driven from the 
bottom electrode to the top one to balance the potential difference until two plates are slid apart 
or the sliding motion is stopped (Fig. 2.16c). The reverse sliding motion will cause a reversal of 
the generated electric field and induce a potential between back electrodes in the opposite 
direction (Fig. 2.16d). Thus, the electrons will be driven back from the top electrode to the 
bottom one to maintain the electrostatic equilibrium until two layers slide back to the original 
position (Fig. 2.16a). 
To simplify the procedure of the analysis and design of the sliding-mode TENGs, a theoretical 
model has also been developed87; accordingly, the V-Q-x (where x  represents the relative 
parallel separation distance in the case of a sliding-mode TENG) relationship and the resulted 
short-circuit current (𝐼𝐼𝑠𝑠𝑠𝑠) can be expressed by 
 
𝑉𝑉𝑜𝑜𝑠𝑠 = 𝜎𝜎𝑥𝑥(𝑡𝑡)𝑑𝑑0𝜀𝜀0(𝑑𝑑 − 𝑥𝑥(𝑡𝑡))   (2.9) 
 𝑄𝑄𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑥𝑥(𝑡𝑡) (2.10) 
 
𝐼𝐼𝑠𝑠𝑠𝑠 = 𝜎𝜎𝜎𝜎 𝑑𝑑𝑥𝑥𝑑𝑑𝑡𝑡  (2.11) 
where l  is the length of the sliding layers in the direction of sliding, w represents the width of 
the sliding layers in the direction perpendicular to the sliding direction, ε0  represents the 
difference in permittivity between a vacuum and air, and the value of 𝑑𝑑0 is a constant parameter 
of the produced device which can be calculated by Eq. (2.9). Similar to the vertical contact-
mode TENGs, all the output performance parameters are directly proportional to the surface 
generated tribo-charge density (𝜎𝜎).  
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Fig. 2.16 Schematic for a standard parallel sliding-mode triboelectric nanogenerator.  
2.6 Development of triboelectric nanogenerators  
Since the invention of TENGs in 2012 by the research group led by Prof. Z Wang, can be defined 
into three main-stream research areas, including fabrication technology, performance 
enhancement and application development (as shown in Fig. 2.17).88 By combining this with 
other research branches, including condition studies, theoretical analysis, systematic model 
development, and the external energy management circuit design, the research field of TENG is 
developing systematically and rapidly. 
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Fig. 2.17 the proposed technology, development roadmap and main research areas of 
triboelectric nanogenerator.88 
The fabrication process development and performance-enhancement development fields are 
complementary to each other. The aim of the most fabrication technique development is to create 
a relatively higher effective area on the contact surface of triboelectric materials. According to 
the model built for the TENG outputs, an improvement in the surface charge density is a key 
factor to change output performance of TENGs. The surface charge density (𝛔𝛔) commonly used 
to characterise the output performance can be given by: 
 
𝜎𝜎 = 𝜎𝜎𝑘𝑘 ∗ 𝐴𝐴𝑠𝑠
𝐴𝐴
 (2.12) 
Where 𝜎𝜎i is the intrinsic surface charge density, 𝐴𝐴𝑠𝑠 is the effective contact area between two 
tribo-layers, and 𝐴𝐴  represents the cross-section area of the contact layers. Thus, without 
changing contact material or the surface property of the contact materials (intrinsic surface 
charge density 𝜎𝜎i  stays constant) and the cross-section area, the enhancement of effective 
contact area 𝑨𝑨𝒔𝒔 is the key to increase the calculation value of the surface density (𝛔𝛔), which can 
be realised by various surface roughing techniques. 
     In addition, the output performance can also be enhanced by increasing the intrinsic surface 
charge density (𝜎𝜎i ) (charge injection, surface functionalisation) or hybriding other energy 
harvesting approaches (structural optimization). Based on the significantly improved output 
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performance, the application scenarios of the TENG based systems can be widely extended. The 
mainstream strategies of fabrication technology and optimisation are reviewed in the following 
sections. 
2.6.1 Surface Roughing 
2.6.1.1 Photolithography  
As one of the most successful technologies in microfabrication field, photolithography has been 
widely applied in the semiconductor industry since 1959.89 With the development of the 
advanced lithography techniques including extreme ultraviolet (EUV) lithography, soft X-ray 
lithography, E-beam writing, focused ion beam writing, and proximal-probe lithography, the 
techniques are capable of creating micro-, even nano-features.90 By using such techniques, the 
pre-featured/patterned moulds can be produced initially to transfer the features/patterns to the 
surface of soft materials and then be used for fabricating tribo-layers with the high effective 
surface area. The latter process is called soft lithography, which can avoid using high-resolution 
photolithography equipment every time to create micro-/nano-patterns, instead of using pre-
fabricated moulds to transfer micropatterns, so that the fabrication of microstructure can be 
achieved at high throughput and relatively low cost. 
In 2012, Zhang et al.91 proposed one of the first flexible TENG devices fabricated by using a 
soft lithography technique. The desired patterns were created on a silicon mould by the 
combination of DRIE (deep-reactive ion etching) process and conventional microfabrication 
process including LPCVD (low-pressure chemical vapour deposition), photolithography and 
KOH wet etching. By employing the improved DRIE process, the surface energy of the Si mould 
was significantly lowered by reducing the solid-liquid contact area and the deposition of a thin 
fluorocarbon polymer material.92–94 As it is shown in Fig. 2.18b, the prepared liquid 
PDMS/crosslinker mixture (10:1) was subsequently deposited on the prepared Si mould. After 
solidification at a relatively high temperature, the PDMS film was peeled off from the mould 
with micro-hierarchical structures. The well-designed dual-scale (micro-scale and nano-scale) 
structures helped the device to generate a remarkable output with a peak voltage of ~465 V and 
a current of ~107.4 μA. Although soft lithography techniques were utilised widely to realise 
controllable surface patterns and high effective surface areas on the tribo-materials91,95,96, due 
to the shortcomings of high cost (both in capital and operating cost) and being poorly suited for 
introducing specific chemical functionalities, the soft lithography technique is not considered as 
the ideal option for the mass production of TENG devices. 
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Fig. 2.18 Schematic view of (a) the flexible structure of soft lithography based TENG, (b) 
the production process. (c) SEM images of creased patterns of the surfaces of PDMS layers 
based on different moulds and the photographs of the created mould (up)/PDMS 
film(down).91 
2.6.1.2 Reactive-ion Etching 
Reactive ion etching (RIE, also known as plasma etching), as one type of dry etching techniques, 
is being increasingly used to realise dimensional control in etching small geometries.97 The 
working principle of reactive etching is based on the discharge of a gas glow to dissociate and 
ionise relatively stable molecules, which forms chemically reactive and ionic species and 
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radicals. Subsequently, the solid can be etched by reacting with specific chemistry to form 
volatile products.98  
In the triboelectrification field, polytetrafluoroethylene (PTFE) is ranked as the most 
triboelectric negative material in the triboelectric series and has been widely used in the 
triboelectric energy harvesting field. PTFE has a helical chain conformation caused by the strong 
repellence among the fluorine atoms, thus providing the carbon backbone chain with uniform 
coverage of fluorine which makes it highly inert to nearly all chemicals and possesses high 
thermal stability.99,100  
The energetic particles existing in the plasma ranging from ions, electrons and various neutral 
species at many different energy levels, as well as photons, collide with the surfaces of materials, 
causing molecular disruptions. This leads to drastic modifications of the structure and properties 
of surfaces.101 For dry etching PTFE, the generated ions and radicals can react with fluorine 
atoms to defluorinate the surface of PTFE with varying degrees depending on the process 
variables (gas chemistry, power, gas flow rate & process time).102,103 Thus, in the TENG field, 
the RIE technique is a commonly applied technique to form micro/nanostructures on the surface 
of PTFE films for enhancing the effective contact area. In 2013, by initially depositing 100 nm 
copper mask, Chen et al. 104 created nanowires of ~1.5 𝜇𝜇m length on the surface of a 50 𝜇𝜇m thick 
PTFE by using an inductively coupled plasma reactive-ion etching (ICP-RIE) by introducing 
O2, Ar, and CF4 gases in the chamber. As shown in Fig. 2.19, the PTFE film with the modified 
surface was further used to produce a harmonic-resonator-based TENG by combining an 
aluminium tribo-layer with nanoporous structure (~57 nm diameter and ~0.8 𝜇𝜇m depth). 
 
Fig. 2.19 Sketch diagram (a) and photograph (b) of the produced TENG device and SEM 
images of (c) nanopore structure on Al surface, (d) nanowires structure on the PTFE 
surface.104 
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In 2016, Zhang et al.105 produced a PTFE film with size-controlled nanostructured surface based 
on the ICP RIE technology. To match the pattern on the other contact surface (nanopore Al 
film), a thin Au film (10 nm) was deposited on the contact surface of the PTFE film through DC 
sputtering via a mask. By utilising the nano-structured PTFE film, as shown in Fig. 2.20(a), a 
TENG based self-powered wireless traffic volume sensor system was produced for harvesting 
airflow energy arising from the traffic stream in the tunnel. 
 
Fig. 2.20 (a) Schematic view of the produced wireless traffic volume measurement system. 
SEM images of (b) PTFE nanoparticle surface structure and (c) aluminium with 
nanopores morphologies.105 
In addition, the RIE is also capable of creating vertically aligned nanostructures on various other 
polymeric materials. As shown in Fig. 2.21, Zhu et al.58 reported a micropatterned Kapton 
(polyimide) based nanogenerator. By dry etching nanowires on the surface on Kapton film, they 
realised a high-performance TENG device with an instantaneous electric power output density 
up to 31.2 mW.cm-3. They also demonstrated the importance of the appropriate size of the 
surface structures. By observing the SEM images shown in Fig. 2.21, the nanowires with proper 
length (5 min etch time) can give a stable enhanced output after 1,000 cycles while the overly 
long nanowires (25 min etch time) was permanently deformed in the test and are no longer able 
to fulfil the performance enhancement task. 
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Fig. 2.21 Sketch of Kapton nanowires based TENGs; inset is the SEM pictures nanowires 
structures before (left pairs) and after (right pairs) the 1,000-operation-cycle duration 
tests.58 
RIE technique can be utilised to overcome the challenge of modifying structures on the surfaces 
of chemically stable materials. However, it has similar shortcomings as the soft lithography 
method, including the requirements of high-standard cleanrooms, specialized and expensive 
equipment, toxic/corrosive gases and complicated operation procedures, which contradict the 
selling points (low-cost and facile manufacturing procedure) of the TENG devices. 
2.6.1.3 Electrospinning 
Electrospinning is a mature technology for mass-producing natural and synthetic polymer fibres 
or fibrous membranes. Ever since the first patent was published in 1934 describing the setup for 
production of polymer filaments using electrostatic force, the technique has gained much 
attention, as it is capable of consistently producing a variety of polymeric fibres within the 
submicron range which are difficult to achieve by other fibre-spinning techniques.106, 107 As 
shown in Fig. 2.22, the electrospinning can be classified into two modes, vertical (shaft and 
converse type) and horizontal, and both typical setups consist of a spinneret, a high voltage 
generator and a grounded collector.108 Based on the experimental results, Yang et al.109 stated 
the shaft type electrospinning strengthen the effect of the electric field with gravity to produce 
the thinnest fibres. However, it also led to a broad diameter size distribution of the produced 
fibres. In comparison, the thickest fibre membranes with the smallest diameter variation can be 
produced by a weak electric force (against gravity) which is suitable for producing the mats 
which require uniform fibre diameters. By using the horizontal-mode system, the effect of 
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gravity is negligible. Thus the average produced fibre diameter is between the previous two 
types.  
  
Fig. 2.22 Schematic diagram of different geometrical mode electrospinning system.109 
Sir G. Taylor described the formation of a cone-jet of glycerine when being exposed in a high 
electric field, which was named as ‘Taylor Cone’, as a continuation of the study by Zenleny.110 
Taylor invested the reactions between droplets and electric field based on two assumptions 
(shown in Fig. 2.23): 1) the cone surface is an equipotential surface and 2) the cone exists in 
steady-state equilibrium. The polymer jet(s) generated through the activation of the Taylor cone 
is the foundation of the electrospinning technique.110 A whipping process is immediately 
followed to collect the randomly distributed, solvent-evaporated, charged polymer fibres on a 
grounded collector. 
 
Fig. 2.23 The generated Taylor Cone formations on the Syringe Needle Tip during the 
electrospinning process.111 
The as-produced polymeric fibres and mats possess several outstanding characteristics such as 
high surface-to-volume ratio, tunable porosity, flexibility in surface functionalities and superior 
mechanical performance.107,108 Because of these outstanding features, the electrospun 
nanofibers have been widely used in various applications, such as optical sensors, chemical 
sensors, filtration, battery/fuel cell electrodes, biological scaffolds, etc.112 
Chapter 2 Literature review 
      Pengfei Zhao – Feb 2020                                                                  38 
It is also reasonable to use such technology to produce dielectric layers of TENG devices for 
increasing the effective surface contact area. Yu et al. 113 proposed electrospun mats-based high-
performance TENGs. A two-component coaxial electrospinning process was applied to produce 
the water hyacinth petiole-like nanofibers based PVDF mats. By introducing a pressure 
treatment with a honeycomb mould (shown in Fig. 2.24a-c), combining the extremely high 
surface area and charge trapping ability of the porous internal structure of the electrospun 
nanofibers, the optimized harvester was demonstrated to generate a maximum output voltage of 
~1,000 V. 
 
Fig. 2.24 Sketch diagram shows (a) the preparation of honeycomb mould on PVDF mat, 
(b) fabricated TENG device. Digital photographs of (c) fabricated TENG, and (d) mould 
covered PVDF mat. SEM images (e-g) of biomimetic water hyacinth petiole-like PVDF 
nanofibers.113 
Fang et al.35 applied a needleless electrospinning technique to produce a PVDF nanofiber mat-
based TENG (shown in Fig. 2.25). The new production technique can not only significantly 
increase the productivity (from 4.5 gh-1 to 16.9 gh-1), but also help to enhance the β phase content 
(from 83.9% to 88.5%) of PVDF mat, and thus increase the output performance of the produced 
TENG. As compared to needle electrospun fibre (with a diameter of 214 ± 54 nm, shown in 
Fig. 2.25c), the disc electrospinning process produced relatively coarser PVDF nanofibers (with 
a diameter of 539 ± 175 nm, shown in Fig. 2.25b) because of the higher concentration of PVDF 
required in the polymer solution. They are also able to adjust the content of β crystal phase 
content by modifying the voltage used during the disc electrospinning process. The research 
demonstrated the developed electrospinning technique could be a feasible mass production 
method for the nanomaterials based high-performance TENG devices. 
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Fig. 2.25  (a) Schematic exploded view (left) and photograph (right) of the nanofiber-based 
TENG. SEM images of PVDF nanofiber prepared (b) by disc electrospinning (b) and (c) 
by needle electrospinning (scale bar: 2 𝜇𝜇m). (d) Photograph image of PVDF mat produced 
by disc electrospinning process.35 
2.6.1.4 Self-assembly Deposition 
Molecular self-assembly is a process in which the molecular units are spontaneously organised 
into ordered structures or patterns by non-covalent interaction.114 It is well recognised as a 
promising strategy for creating tailor-made functional materials and has been widely applied to 
create solid surfaces, extended to two-dimensional molecular layers with well-controlled 
properties, such as surface superhydrophobicity, or corrosion resistance.115 
     Self-assembly deposition technique was also used to create the desired nanostructure on the 
surface of tribo-contact layers.  As it is shown in Fig. 2.26, Zhu et al.116  successfully realised 
the deposition of gold nanoparticle on the surface of a gold thin film through a self-assembly 
process. By combining the higher charge generated by contacting electrode, the positive charge 
carried gold nanoparticles, and the significantly enhanced effective contact area, the output 
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power was dramatically improved, 25 times higher than that of the sample based on the gold 
film. By applying such facile self-assembly approach, an instantaneous power density output of 
313 W.m-2 and an energy conversion efficiency of 9.8% at a device level. 
 
Fig. 2.26 The (a) schematic image and (b) photograph of the self-assembly gold-
nanoparticle-based TENG. (c) SEM image of the PDMS surface coated with gold 
nanoparticles116. 
In 2014, Jeong et al.117 developed a block copolymer (BCP) self-assembly process to realise the 
controllable surface nanostructures. As it is shown in Fig. 2.27(a), the self-assembly 
polystyrene-block-polydimethylsiloxane (PS-b-PDMS), as one type of BCP, was induced on the 
Cr/Au and glass silica-coated polyimide (PI) substrate and solvothermal annealed in a sealed jar 
under a saturated toluene vapour. Depending on molecular weight and volume fraction of the 
polymer blocks during the thermal annealing process; the PS-b-PDMS layer can be rearranged 
and transformed into various nanoscale surface morphologies as shown in Fig. 2.27a(iii). The 
TENG device embedded with a nanomesh-type BCP nanostructure achieved a ∼2.5 times 
increase in current density and ~6.3 times higher power output compared to the one without 
surface structure. The produced devices also allowed the study on the effect of different surface 
patterns on the triboelectrification process. Based on the test results, they suggested that the 
contact electrification was induced by the transfer of surface ions, and the transferred ionic 
charges can persistently act as the source of generated potential. The work opened a new facile 
and cost-effective approach to effectively enhance the output performance of TENG by creating 
controllable patterns on the polymer surfaces with much higher resolution (~5 nm ultimate 
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resolution) than using micro/nano-fabrication techniques.118 Thus, the versatile and practical 
BCP self-assembly process was demonstrated to be a novel approach to enhance and control the 
performances of triboelectric energy harvesting systems and broaden the application of 
triboelectrification phenomena. 
 
Fig. 2.27 (a) The schematic fabrication flow chart for the BCP-TENGs. The photographs 
(b) of a BCP-TENG device. (c) Colorized SEM image of the cross-section of the BCP-
TENGs with the inset showing the EDS elemental mapping result of fluorine in the Teflon 
film.117 
2.6.2 Structure Optimization 
One of the most natural options to optimise the energy conversion efficiency of the TENG 
devices is to combine different types of energy harvesting processes such as piezoelectric, 
photovoltaic, etc. together with TENG. In 2014, based on an arch-shaped TENG design (shown 
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in Fig. 2.28), Jung et al.119 proposed a novel piezoelectric/triboelectric hybrid generator. A pre-
strained PVDF based d31 mode piezoelectric generator shared the bottom Au electrode with the 
PTFE/Al structure as a vertical contact mode TENG.  The positive potential generates on the 
bottom electrode (Au2) by piezoelectric generation process can help to motivate the transfer of 
electrons from Au2 to PTFE layer, which is schematically shown in Fig. 2.28(c).  By executing 
the cooperative operation of piezoelectric and triboelectric mechanisms in the single 
compression-release cycle, the combination of the relatively high-voltage output of triboelectric 
nanogenerator and relatively high-current output of piezoelectric nanogenerator is successfully 
realized which was demonstrated to provide up to ~4.44 mW.cm-2 and light up 600 LEDs by 
simply tapping with fingers. 
 
Fig. 2.28 (a-d) schematic operation mechanism of the piezoelectric/triboelectric hybrid 
generator. (f) schematic image of the arch-shaped TENG design, and (g) the plot of piezo-
/tribo- output voltage of the generator in a single energy generation cycle.119 
In 2016, Seol et al.120 reported a hybrid energy harvester platform (as shown in Fig. 2.29) based 
on triboelectric and electromagnetic effects. The repeating oscillations of the floating oscillator 
not only performed a sliding triboelectric energy generation process but also triggered a time-
varying magnetic flux based on the magnet rods fixed on both ends of the tube. The device can 
not only operate in a relatively wide operation frequency (1–10 Hz) which matches most of the 
human motion and ambient application scenarios but also be able to overcome the shortcomings 
of both triboelectric generators (low charging speed) and electromagnetic generators (gradually 
charge saturation) while charging a capacitor in the circuit. 
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Fig. 2.29 Schematic of the hybrid energy generator combining a triboelectric 
nanogenerator and an electromagnetic generator.120 
Solar cell performance can be affected by weather conditions. To overcome the challenge of 
solar cells as a reliable power supply system in an unpredictable environment, Liu et al. 121 
integrated a solar cell with a water-drop driven TENG to achieve energy collection in rainy 
weather. They produced a Si/PEDOT:PSS heterojunction in the bottom layer to allow the 
collection of solar energy and a surface digital video disk (DVD) patterned PDMS layer as a 
water-single-electrode TENG. Two device systems shared a mutual functional electrode of the 
PEDOT:PSS layer with both solar cell mode and TENG mode to avoid the output loss of the 
solar cell. In addition, as shown in Fig. 2.30(d), by patterning the PDMS surface with ~400 nm 
wide periodic nanostructures, the output of TENG mode was around 4 times higher than the flat 
surface one. Thus, they successfully proposed a new device with combined merits of both solar 
cells and TENGs, demonstrated a new approach in solving the energy loss of the solar cell 
system under undesired weather conditions. 
Chapter 2 Literature review 
      Pengfei Zhao – Feb 2020                                                                  44 
 
Fig. 2.30 (a) Cartoon schematic image of the Si/PEDOT:PSS hybrid solar cell, (b) 
schematic image of water drops driven TENG, (c) J-V curves of the solar cells under the 
illumination of 100 mW.cm-2 solar spectra, (d) the output performance of the device works 
in TENG mode with/without surface imprint.121 
In the case of sliding-mode TENGs, because of the friction motion between two contact layers, 
part of the harvested energy is wasted in the form of thermal energy. To fully optimise the energy 
conversion efficiency, Wang et al.122 proposed an electromagnetic-triboelectric-thermoelectric 
effect based energy harvester. The harvester based on the relative rotation motions of two disks 
can not only harvesting mechanical energy but also scavenge the induced thermal energy via the 
attached thermoelectric module. They demonstrated that the energy conversion efficiency of the 
hybrid nanogenerator is much higher than the individual energy harvesting devices. For 
instance, at the same working condition with an external power management circuit to control 
the output voltage at a constant DC value of 5 V, compare to the individual current output of 
EMG (~162 mA), TENG (~157 mA), or thermoelectric generator (ThEG) (~3 mA), the 
hybridized nanogenerator can generate a higher current output of ~200 mA and a shorter circuit 
(capacitor) charging time. Also, the design of the device can be easily installed in a commercial 
bicycle or vehicles to scavenge the wasted biomechanical energy. 
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Fig. 2.31 Schematic diagram of (a) the working principle for the electromagnetic function 
working under the relative rotation between the magnets and the coils, (b) the working 
principle for the sliding mode TENG under the relative rotation and (c) the working 
mechanism for the thermal energy harvesting function.122 
2.6.3 Charge injection 
Besides the enhancement of effective surface contact area for improving the performance of 
TENGs, it is also possible to directly apply a charge injection procedure to improve the charge 
density of the triboelectric contact layers. Wang et al.123 applied a prior-charge injection 
approach to increase the output performance of a PVDF-Nylon based TENG device. As shown 
in Fig. 2.32(b), the two tribo-layers were first pressed to be in contact with each, and then a 
sufficiently high DC electric field is applied through backside electrodes. With the lowest 
dielectric constant, the air gap between the contact layers tends to breakdown and generate 
ionised positive charge and negative charge.124 The generated charge was injected into the tribo-
contact materials and improved the output performance of TENG. By applying a 10 kV (25 
V.μm-1) voltage in the charge injection process, the transferred surface charge density is rapidly 
increased from ~91 μC.m-2 to ~144 μC.m-2. In the meantime, the voltage, current increased by 
73% and 110%, respectively. In addition, they proved the tribo-polarity of the contact materials 
can be temporarily reversed by an inverse charge injection process.  
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Fig. 2.32 Schematic image of (a) PVDF-Nylon based TENG and (b) charge injection 
process.123 
The periodic compression and release motion during the operation of the vertical-mode TENG 
also allows the charge injection to be realised by combining the piezoelectric effect with the 
tribo-effect. By introducing high-performance lead-free ferroelectric ZnSnO3 nanocubes in 
PDMS (shown in Fig. 2.33a), the extra piezoelectric charge can be generated during the energy 
harvesting process.125 The authors claimed that the methyl groups of PDMS break during the 
compression process and can be easily attacked by the oxygen radicals produced by ZnSnO3 as 
the PDMS is sensitive to the oxygen radicals. The redundant dangling bonds emerge in the way 
of extra charge, which can be injected into the PDMS matrix and enhance the surface charge 
density of the contact layers. Also, the deformation of the PDMS matrix will trigger the pressure-
induced polarisation of ZnSnO3 nanocubes to generate extra charge. When the concentration of 
ZnSnO3 was increased up to the optimal loading ratio (6 wt%), the performance of composite 
material based TENG was enhanced ~6 times higher than the pristine PDMS based one. They 
also demonstrated through tests that the enhanced output has good stability and durability. 
 
Fig. 2.33 Schematic diagram of (a) ZnSnO3-PDMS based TENG and (b) working 
mechanism and the charge distribution of the fabricated TENG.126 
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A charge injection process can also be realised by the dipole effect based on a mesoporous 
system. Chun et al.127 proposed a TENG based on a mesoporous PDMS film impregnated with 
gold nanoparticles. By observing Fig. 2.34(a), the gold nanoparticles were controlled and 
deposited on the bottom side of pores in the mesoporous structure. The contact-separation 
motions between the gold nanoparticle and PDMS, triggered by a typical generation cycle of 
the vertical contact-mode TENG (shown in Fig. 2.34b), can produce aligned dipoles, contact of 
bottom Au nanoparticles and upper PDMS surface, inside the mesoporous PDMS layer and 
hence lead to the improvement of the surface potential energy. It was demonstrated that the 
output power density of the mesoporous samples was ~5-fold higher than the pristine PDMS 
based one.  
 
Fig. 2.34 (a) Schematic fabrication flow diagram of the nanoparticle-embedded 
mesoporous TENG. (b) The charge generation/injection cycle of the TENG and embedded 
gold nanoparticle.127 
2.6.4 Surface Functionalisation 
In triboelectrification, it is well known that the amount of contact charge exchange is 
proportional to the surface potential and effective work function.70,128 Some researchers 
suggested that the magnitude of the material surface potential can be ranked by the consequence 
of the bulk electronic structures, surface dipoles, and surface electronic states.129,130 By 
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systematically controlling the surface dipoles and electronics states through surface 
functionalisation approach, Byun et al.131 studied the relationship between the surface potential 
and triboelectric charges. As shown in Fig. 2.35, the SiO2 surfaces are modified by groups of -
NH2, -SH, -CH3, and -CF3 through a self-assembled monolayer deposition process. By 
contacting a reference material, they confirmed that the triboelectric series could be modified 
by the properties of the surface layer, and the -NH2 and -SH modified surface with relatively 
higher surface energy potential tend to donate electrons; while the -CF3 modified surface with 
the lower energy potential tend to gain electrons. Thus, the relationship between the 
electrification and material surface potential was clarified. 
 
Fig. 2.35 (a) Schematic diagram of the triboelectrification on (i) −NH2 (an electron-
donating layer), (ii) −SH (an electron-donating layer), (iii) −CH3 (a neutral layer) and (iv) 
−CF3 (an electron-withdrawing layer). (b) contact potential difference (CPD)  images of (i) 
as-received SiO2 and the (ii) NH2-, (iii) SH-, (iv) CH3-, and (v) CF3-modified SiO2. (c) CPD 
of each of the modified substrate. The empty and filled symbols represent the CPD before 
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and after contact, respectively. (d) Triboelectric potentials of the various surfaces as a 
function of the CPD before contact.131  
In 2017, Shin et al.132 reported on performance of TENGs with PET surfaces functionalized with 
different molecules, including O2, halogen (Br, F, and Cl)-terminated phenyl, linear 
polyethyleneimine (PEI(l)), hexyltrimethoxysilane (HTMS), poly-L-lysine (PLL), 3-
aminopropyltrimethoxysilane (APTES), and branched polyethyleneimine(PEI(b)), which are 
named as H-PET, Br-PET, F-PET, Cl-PET, PEI(l)-PET, HTMS-PET, HTMS-PET, PLL-PET, 
APTES-PET, and PEI(b)-PET, respectively, and confirmed that the triboelectric property of 
materials could be tuned by the facile atomic-level chemical surface functionalization process. 
As shown in Fig. 2.36, the surface potential values measured ranked in the increasing order are: 
Cl-PET (-102 mV), F-PET (-60 mV), Br-PET (-47 mV), H-PET (-40 mV), PEI(B)-PET (93 
mV), APTES-PET (69 mV), PLL-PEI (66 mV), HTMS-PET (62 mV), PEI(l) (41 mV). 
Furthermore, using the density functional theory calculation, they revealed that the surface 
groups play a role in stabilising the anionic PET surfaces, instead of holding transferred electron 
resulting from contact electrification. In other words, the electrons transferred during the contact 
charging process is from the PET group, rather than the surface functional group. The surface 
chemical functionalization is demonstrated to be a powerful tool to unlock the limit of 
triboelectric materials through this work. 
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Fig. 2.36 (a) Schematic image of the PET films with surface functionalized negative or 
positive with adopted molecules. (b) electrostatic surface potential values measured on the 
functionalized surfaces.132 
2.7 Triboelectric Nanogenerators based Harvesters & Self-Powered Sensors 
Based on various tribo-materials, processing techniques, and innovative device structures, 
researchers have demonstrated that high-performance TENGs could be designed in different 
structures to convert a variety of mechanical energies into electricity, either from physiological 
activities or ambient environments, with satisfactory conversion efficiencies. Table 2.1 
summarizes the types of TENGs with different operational methods. 
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Table 2.1 Typical triboelectric energy harvesters 
Tribo-Materials 
(Positive/Negative) Energy source Reference 
Biomechanical Energy 
PET/PTFE Human Walking Yang et al.133 
Al/PTFE Human Heel Strike Bai et al.134 
Al/Kapton Lung tense up & contract  Zheng et al.135 
Al/PTFE Heartbeat Zheng et al.135 
Ambient Energy 
PET/PTFE Wind Xie et al.136 
Au/PTFE Wind Bae et al.3 
Water/PDMS Water  Lin et al.137 
Water/PTFE Raindrops Liang et al.138 
PA/PTFE Wave Yang et al.139 
Au/PDMS Textile Deformation Kim et al.10 
ZnO/PDMS Textile Deformation Seung et al.140 
Cu/Kapton Textile Deformation Yang et al.141 
Because of the working mechanism of TENGs, electrical signals are generated in response to 
mechanical stimulation. The electrical signals contain rich information of either the mechanical 
stimulation or the TENG operation conditions. Thus the triboelectric nanogenerators can be 
treated/designed as sensors to detect/monitor operational conditions, mechanical stimulation 
etc., yet the TENG-based sensors require no external power supply for operation, forming a 
brand of the so-called self-powered sensors. Various types of self-powered sensing system have 
been realised based on the triboelectric mechanism. Table 2.2 lists TENG-based self-powered 
sensors. 
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Table 2.2 Self-powered Sensors based on the triboelectric mechanism 
Tribo-Materials 
(Positive/Negative) 
The physical quantity being 
sensed Reference 
Skin/PDMS Tactile Yang et al.142  
Skin/PET Pressure Zhu et al.143 
Polyurethane/PTFE Strain Zhang et al.144 
Perylene/SiO2 Human movement  Zheng et al.145 
Al/ITO Angular Wu et al.146 
PA/PTFE Voice Chen et al.147 
Gelatine/PTFE Humidity Chang et al.148 
Au/PDMS Mercury Ions (Hg2+) Lin et al.149 
TiO2/PTFE Phenol Li et al.150 
2.8 Summary 
The comparisons of four mechanical energy harvesting techniques are concluded in the 
following Table 2.3. Each technique has its own advantage and disadvantages with respect to 
their designs, performances and applications. For the first two early emerged techniques 
(electromagnetic and electrostatic generators), their applications in the energy harvesting area 
are significantly limited by their poor output power density and complex device structure. The 
piezoelectric generators, that are capable of producing much higher power outputs for a given 
size than the previous two, were once considered as the ideal option for harvesting vibration 
energy. However, the newcomer, triboelectric nanogenerators, exhibit all the advantages of the 
piezoelectric devices, yet providing higher voltage and practical power density. Furthermore, 
the disadvantage of relatively lower output current density (as compared to the voltage output) 
is still higher or at the same level against the other types of the mechanical energy harvester, 
and the higher internal impedance can be overcome by combining a micro-switch structure151 
or connecting proper energy management circuits152,153. Therefore, in terms of the aspect 
mentioned above, the triboelectric effect is superior to the other energy conversion and 
harvesting mechanisms.   
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Table 2.3 Advantages and disadvantages of the mechanical energy harvesters 
Mechanical 
Energy 
Harvester 
Advantages Disadvantages 
Piezoelectric 
Harvester 
No separate voltage sources 
No mechanical stops 
Relative high output voltage 
(Vmax<300 V)  
Microfabrication processes are 
not compatible with standard 
CMOS processes 
Poor coupling ability of 
piezoelectric thin films. 
Not appropriate for large scale 
harvesting 
Relatively Low output power 
density (Pmax<20 μW.m-2) 
Electromagnetic 
Harvester 
No separate voltage sources. 
No mechanical stops. 
Relatively high current output 
No mechanical stops 
Low voltage output (Vmax < 1 V) 
Difficult to integrate with 
electronics and microsystems 
Electrostatic 
Harvester 
Easier to integrate with 
electronics and microsystems 
Useful output voltages (in the 
range of 2 V to 10 V) 
Separate voltage source needed. 
Mechanical stops needed. 
Low output power density 
Triboelectric 
Harvester 
Highest power output (>200 
mW.cm-2 in maximum) 
Highest instantaneous voltage 
output (>1,000 V in maximum) 
Wider choice of materials 
(polymers, metals or ceramics) 
Simple structure 
Facile fabrication 
Relatively Low current output  
Lower durability (sliding- mode 
TENG) 
High internal impedance (> 50 
MΩ) 
 
In this chapter, mainstream mechanical energy harvesting devices have been introduced. 
Particularly for the one based on the triboelectric mechanism, diverse designs, procedures, and 
techniques reported to improve the output performance of TENG have been reviewed. Because 
of the rapid developments in this field, both for the output efficiencies and application scenarios, 
pervasive commercial values and great exploitation foreground of the TENG devices have been 
demonstrated. For the uptake of the TENG technology, it is pertinent to further improve the 
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output performance of TENG through low-cost, facile, ground-breaking approaches which will 
be the focus of this work. 
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3 MATERIALS & METHODS 
In this chapter, brief introductions are provided for the major techniques used for the material 
synthesis, device fabrication and material/electrical characterisation throughout the course of 
this PhD study. The background knowledge of the techniques and equipment is aimed to provide 
a better understanding of the characterisation and measurement results presented in the 
following chapters.  
3.1 Fabrication Methods 
3.1.1 Spin Coating 
Spin coating is a common procedure used to prepare uniform thin films, mostly on flat 
substrates. The typical process involves depositing a small volume of a polymer solution, 
emulsion or uncured resin onto the substrate and then spinning the substrate at various spin 
speeds (shown in Fig. 3.1). The liquid will get spread out on the substrate owing to the 
centrifugal force being extended, thereby forming a thin film on the flat substrate. The final 
thickness of the thus-deposited film and its properties will depend on the nature of the fluid, 
including viscosity, drying rate, the percentage of solids, surface tension, etc.1 The process is 
carried out using a setup called a spin coater, or simply a spinner. The various parameters for 
the spin process, including final rotational speed, acceleration, and fume exhaust, will all 
significantly affect the properties of the produced films.2 
 
Fig. 3.1 The schematic stages of depositing a thin film by using a spin coating process.3 
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The spin coating process can be largely broken down into four major steps. The first step is 
called the dispensing step, in which the polymer solution is deposited onto the substrate surface. 
There are two different methods that can be used in this step: static dispensing and dynamic 
dispensing. The static dispensing involves dropping a small volume of the solution close to the 
centre of the substrate. The required volume (1 to 10 ml) depends on the viscosity of the fluid 
and the dimensions of the substrate, besides the required thickness of the final film.4 It is worth 
mentioning that for polymer solutions with relatively high viscosity or for coating large surfaces, 
the substrate may need to be ’flooded’ with the solution to ensure even coverage and integrity 
of the final film.5 During dynamic dispensing, the solution is dispersed while the substrate is 
spinning at low speed, usually at a spin speed of 500 rpm (rotations per minute).4 With a 
substrate of suitable wettability, this method can provide the same coverage as the static 
dispensing while using a much lower volume of the starting solution. In addition, the method is 
particularly suitable for a fluid which has a high evaporation rate. 
The dispensing step is followed by a substrate acceleration stage to aggressively expel excess 
polymer solution from the substrate surface by the accelerating rotational motion. In this step, 
the substrate is accelerated up to its desired rotation speed (usually a few 1,000’s of rpm). The 
initial height of fluid on the substrate is relatively high to cause the formation of spiral vortices 
owing to the twisting motion caused by the inertia that the top of the fluid layer exerts while the 
substrate below performs an accelerating rotational motion.6 During this stage, the thickness 
differences of fluid are completely removed, and  the whole fluid is thin enough to be co-rotating 
with the bottom substrate. Ultimately, the wafer reaches its desired speed, and the fluid is thin 
enough that the viscous shear drag exactly balances the rotational acceleration.2 It is commonly 
agreed that the final thickness of the film depends largely on the combination of spin speed and 
time selected for this stage.5 Thus, sufficient time for spin process is recommended to cancel 
and average out a large number of variables.2 
When the rotation of the substrate reaches a constant (process value) rate, the fluid thinning is 
generally progressing quite uniformly and slowly since the fluid viscous forces dominate the 
fluid thinning behaviour at this stage. Slight coating thickness difference around the rim of the 
substrate can be noticed at this stage, which is called edge effect. The fluid, which flows 
uniformly outward at the edge, tends to be flung off by forming droplets.2 At last, when the fluid 
thickness reaches where the viscosity effect yields only minor net fluid flow, the evaporation 
will become the dominant effect for the thinning. In fact, the last stage actually effectively 
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‘freezes’ the coating layer since the viscosity and fluidity of the remaining solution are gradually 
removed through the evaporation of the solvent.7 
As a relative facile technique, the thickness of the spin-coating film can be easily controlled by 
modifying the spin speed/time or the viscosity/concentration of the coating solution while the 
other techniques have multiple coupled parameters to make the procedure more complex and 
experiment dependent.2 However, a typical spin coating process lacks materials efficiency. 
During the spinning process, more than 95% of the solution will be flung off into the coating 
chamber for disposal. Thus, especially for large-size substrate coating, typical spin coating is 
not an ideal technique for mass production if economically feasible manufacturing costs need 
to be maintained.6  
During the course of this thesis, a Spin150 all-plastic spin processing system (shown in Fig. 3.2) 
was used to deposit thin layers of polymer solutions for fabricating tribo-contact layers on the 
required substrates/surfaces with required thicknesses.  
 
Fig. 3.2 A digital photo of a SPIN150  wafer spinner system. (Source: SPIN 150 Manual 
rev.: 1.58) 
3.1.2 Phase inversion 
Immersion precipitation is one of the most common phase-inversion membrane forming 
techniques. It can transform the polymer state in a controlled manner from a liquid/solution state 
to a solid-state by subjecting a thermodynamically stable polymeric solution to a liquid-liquid 
demixing process.8 The working mechanism can be illustrated by a polymer/solvent/nonsolvent 
system, which is presented as a ternary phase diagram shown in Fig. 3.3. Three components 
(polymer, solvent and nonsolvent) are displayed at the corners of this triangle with a point within 
the triangle representing a mixture of three components. A binodal curve divides this triangle 
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into a one-phase region where all the components are miscible and a two-phase region where 
the system is separated into a polymer-rich (solid phase) and a polymer-poor (liquid phase). The 
region between the spinodal and the binodal curves is called the metastable region, where the 
phase separation appears under specific initiation (nucleation).9 The critical point, where the 
binodal and spinodal curves intersect with each other, can be used to distinguish the stable and 
unstable region. The demixing occurs immediately after entering the region within the spinodal 
curve. 
It should be noted that the solvent of the casting solution is exchanged with the nonsolvent as 
soon as it is immersed in the coagulation bath.9 Consider the filled square (casting solution) in 
the diagram (as shown in Fig. 3.3) which represents the initial state of the polymer solution; by 
following the ‘Path A’, the polymer solution is separated into a polymer-lean phase and 
polymer-rich phase when the polymer solution becomes thermodynamically unstable (enter the 
Metastable Region). In this situation, the separation process follows the ‘nucleation and growth’ 
mechanism, in which the formed nuclei grow and commonly lead a phase coalescence.10 On the 
other hand, by following the ‘Path B’, two coexisting phases will be formed by a rapid unmixing, 
which is called ‘spinodal decomposition’. However, according to Rahimpour & Madaeni12, the 
speed of solvent/nonsolvent exchange can be slowed down by the formation of the top-dense 
layer, which induces an asymmetric structure with a dense top layer and porous sublayer. The 
phase inversion path of membrane-formation is directly related to the coagulation and casting 
solution.11 Thus, phase inversion is a valuable technique for forming the membranes with almost 
all sorts of morphologies (symmetric or asymmetric types) once it is immersed into a proper 
coagulation bath.8,13–1t 
 
Fig. 3.3 Ternary phase diagram for explaining the procedure of membrane formation via 
a phase inversion process.16 
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In an instantaneous demixing the binodal is crossed, as demixing will start directly (Path B). For 
example, as shown in Fig. 3.4(b), for the pair Dimethylacetamide(DMA)/water, due to the high 
miscibility between the components, caused an instantaneous demixing which provokes the 
formation of microvoids across the membrane cross-section.10 However, in the delayed 
demixing, all positions in the film are still situated within the thermodynamically stable region 
and demixing will only start when more nonsolvent has diffused into the polymer film in such 
a way that the binodal can be crossed (Path A). Therefore, based on the system of DMA/1-
octanol, delayed phase inversion occurred characterised by the presence of well defined 
polymeric globules.10 
 
Fig. 3.4 SEM of the cross-section of PVDF membranes prepared with two 
solvent/nonsolvent pairs at (a) DMA/1-octanol and (b) DMA/water.10 
One of my works focused on the improvement of the TENG performance by enhancing the 
surface charge density of the tribo-layers through a porous structure. The phase-inversion 
technique was used to fabricate polyamide/Nylon 6 (PA6) membranes with high-porosity, with 
the thickness of ~20μm and a surface pore size range of 1.0-1.6 μm. The PA6 membranes were 
used as the tribo-positive contact material for TENGs with various tribo-negative materials. The 
typical SEM images of the surface (Fig. SI 1a) and cross-sectional morphologies Fig. SI 1b) of 
the PA6 membranes are shown in the Appendix Section. The raw material, PA6 pellets, 
(TECHNYL 1011R) was obtained from Rhodia Polymers Ltd. The dope solution was prepared 
using a 20 wt% solution in Formic acid by continuously stirring at ~70 °C for one hour. A certain 
amount of prepared solution was deposited on a highly polished silicon wafer via a spin-coating 
process. The spin-coating process was performed by using the following protocol: pre-spinning 
at 500 rpm for 5 s, followed by 2,000 rpm spinning for 20 s. The coated substrate was 
immediately immersed in an anti-solvent bath kept at room temperature, TQ, of ~20 oC. The 
free-standing membranes obtained were subsequently rinsed repeatedly with distilled water and 
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left overnight in deionised water to remove any residual solvent. In the following chapters, 
unless specified, the immersion precipitation phase inversion procedure will also be applied for 
forming selected types of polymer membranes with the desired thicknesses and surface 
morphologies, which will then be further utilized as the triboelectric contact layers of the TENG 
devices.  
3.1.3 Emulsion Electrospinning 
As illustrated in the Literature Review Chapter (§2.5.1.3), electrospinning is a widely used 
technique for preparation of continuous nanofibers or fibrous membranes with extremely high 
porosity and large surface area. Thus, the technique has been utilised extensively for producing 
the polymer tribo-contact layers in the field of TENGs. For example, membranes of 
polyvinylidene fluoride (PVDF)17,18, Nylon (PA)17, ion gel19, etc. have been shown in the 
literature to develop high-performance TENGs.   
A typical solution electrospinning process utilises a polymer dissolved in its relevant solvent 
and as such, the environmental and operational safety of the fabrication process is directly 
related to the solvents used. It is generally considered that most of the organic solvents can cause 
environmental and safety issues owing to their toxicity and flammability.20 Such issues would 
restrict the applications of electrospun products, especially in the bio-related fields, such as drug 
release, tissue engineering, etc. Simultaneously, the limitations of possible polymer 
concentration for electrospinning depends on the polymer, its solubility in the relevant solvent, 
and the temperature. For polymer solutions with high viscosity in the required concentration, 
the electrospinning process can be a challenge. Although melt electrospinning is considered as 
an attractive alternative, it only works with a limited number of polymers with low-temperature 
melting points, and as compared to the common solution based electrospun fibres, the melt 
electrospun fibres produced have relatively larger diameters.21 
For electrospinning of fluorinated polymers, significant challenges posed include: very poor 
solubility of fluoropolymers and therefore the need for highly toxic solvents.20,22–24  In the thesis, 
a feasible environment-friendly method, emulsion electrospinning, was proposed to overcome 
these challenges. By definition, emulsions are composed of two or more immiscible liquids in 
which one/some portion is present as (a) continuous phase(s) and the second /others portion as 
discrete droplets throughout the continuous phase(s).25 Thus, the emulsion electrospinning can 
also be called two-phase electrospinning.26 It is a facile and potential method for the 
encapsulation of several different phases into nanofibers, and considered as one of the most cost-
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effective and efficient techniques for preparing core-shell electrospun nanofibers.23 In addition, 
it is considered as a cleaner and safer way to overcome various issues raised in the typical 
solution or melt electrospinning processes. For example, to produce water-insoluble fibres from 
the water phase, as shown in Fig. 3.6(a&b), emulsion electrospinning can be used to produce 
the drug (a water-insoluble material) encapsulated nanofiber-based on the mixture of water-
based polymer emulsion and the carrier (water-soluble polymer). As a result of emulsion 
electrospinning, water reservoirs or drugs, which were dissolved in water, can be encapsulated 
in hydrophobic/amphiphilic polymers. With the incremental increase in the concentration of the 
aqueous phase, the morphology of electrospun fibres collected through emulsion 
electrospinning process will gradually change from a pearl-on-string/bead-like structure to a co-
continuous two-phase structure.27 A subsequent physical/chemical cross-linking can be 
performed to process the unspinnable encapsulated polymer particles into continuous fibres and 
eliminate the organic carrier.28–30 
 
Fig. 3.5 Schematic image of (a) a shaft type emulsion electrospinning process, and (b) the 
formation of continuous PTFE fibre. 
The emulsion electrospinning processes carried out during the course of this thesis were carried 
out in a home-built electrospinning setup (shown in Fig. 3.6c) incorporating a high voltage DC 
supply (Spellman RHR20PN30 Medium Power HV, 0-20 kV), a syringe pump (Aladdin 
Infusion Pump AL300-220) and a grounded stainless-steel mesh as the collector.  
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Fig. 3.6 Digital photograph of the homebuilt electrospinning setup used in work. 
3.2 Characterisation methods 
Materials characterisation methods used throughout this research can be classified into the 
following categories:  
(i) surface & microstructure analysis (using electron and atomic force microscopy),  
(ii) crystallinity and phase analysis (using thermal and X-ray diffraction techniques) 
(iii) composition analysis (using infra-red and X-ray photoelectron spectroscopic 
techniques),  
(iv) surface charge measurements and mapping (using electrostatic force and piezoelectric 
force microscopy). 
3.2.1 Scanning Electron Microscope 
The magnification limitation of optical microscopes, subject to the wavelength of visible light 
(in the range from ~400 nm to ~700 nm), is at most ~1,400 times. In addition, at high 
magnification, the resolution can be affected by the diffraction of the visible light.31 Thus, it is 
imperative to utilise a tool which is capable of detecting/measuring the surface morphology with 
high magnification and sufficient resolution based on a source with a relatively shorter 
wavelength. At high-speed movement condition, the electron beam exhibits wave-like 
properties with a very short and adjustable wavelength (λe), which can be expressed by:32 
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𝜆𝜆𝑒𝑒 = 12.25 × 10−10
√𝑉𝑉
× 1
�1 + 𝑒𝑒𝑉𝑉2𝑚𝑚𝑐𝑐2 (3.1) 
Where V is the energy of the accelerated electrons, m  is the mass of an electron 
(~9.1 × 10−32 𝑘𝑘𝑘𝑘), and c is the speed of light (~3 × 108 𝑚𝑚. 𝑠𝑠−1).  
Based on the interactions between the surface and the electron beam, the Scanning Electron 
Microscope (SEM) is used to produce high-resolution images of sample surface topographies at 
much higher magnifications (X 100k-250k), with a theoretical resolution limit of around 20 nm 
.33 Working inside an ultra-high-vacuum chamber to avoid the most deflections of the electron 
beam, a typical SEM system consists of a metal such as Tungsten (W) or LaB6 as the electron 
source, condenser lens to control the size and energy (0.1 keV to 30 keV) of electron beam, 
deflection system (electromagnetic coils) to control the movement of the beam in a rectangular 
region during the scanning procedure, and the detectors to collect the electrons generated from 
interaction of the electron beam with the sample, including Secondary Electrons (SE) and 
Backscattered Electrons (BSE). As shown in Fig. 3.7(b), since the SE are collected from the 
sample depth of ~10 nm, they are generally utilised to analyse/display the surface morphology 
of the specimens. On the other hand, BSE detector utilises the electrons reflected or back-
scattered out of the specimen interaction volume by elastic scattering interactions with specimen 
atoms, thus consisting of high-energy electrons originating in the electron beam. Since BSE 
generated from lighter elements (low atomic number) are weaker than the heavy elements (high 
atomic number) ones, the contrast observed in the BSE images arises from the relative lighter 
elements commonly displayed as darker areas in the generated images. Therefore, as shown in 
Fig. 3.7(c), an image taken by collecting BSEs can display different chemical compositions area 
by contrast.34 
Concurrently, a few of inner-shell electrons will also be ejected out when the atoms are struck 
by the electron beam, which then radiates out in the form of characteristic X-rays as shown in 
Fig. 3.7(b). The energy values of the detected X-rays can be measured to analyse the elemental 
composition of the sample surfaces. Such a technique is called Energy-dispersive X-Ray 
Spectroscopy (EDS). For quantitative detection of the major elements, the obtained results are 
expected to be in a statistical precision of ±1at.%. However, in the process of detection, 
different X-Rays generated simultaneously could be recorded at the same time which leads to 
the overlaps of the X-ray emission peaks (e.g., Ti-Kβ and V-Kα, Mn-Kβ and Fe-Kα).35  
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Moreover, not all X-rays emitted isotropically can escape from the sample, which is called X-
ray absorption effect. Thus, the accurate estimation of the sample composition requires the 
application of complex quantitative correction procedures, which are called as matrix 
corrections.34 Large uncertainties can be generated during the matrix corrections, especially 
when the absorption is severe. Thus, it is difficult to maintain the maximum accuracy in a 
general EDS analysis. 
In the TENG field, as it was illustrated in the literature review section, the output performance 
of TENG is influenced by the surface morphologies (charge density σ) and the thickness of the 
tribo-contact layers.36–38 In the following works, the surface and cross-section topographies of 
the contact tribo-material layers were obtained by using a Hitachi S3400N scanning microscope 
system equipped with an X-MaxN Silicon Drift Detector large area sensor chips, digital signal 
processing, and innovative packaging for EDS analysis. 
 
Fig. 3.7 Schematic images of (a) a standard SEM system, (b) various results when an 
electron beam hitting a sample surface39, and the SEM images produced by detecting 
secondary electrons (SE, left) and backscattered electrons (BE, right).40 
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3.2.2 Fourier-Transform Infrared Spectroscopy 
Fourier-Transform Infrared (FTIR) spectroscopy is a powerful and reliable technique to study 
the characteristics of chemical bonds, polymer microstructures, chain conformation, polymer 
morphologies, crystallinity orders etc., especially in the fields of organic synthesis, the 
pharmaceutical industry, and polymer science.41 As shown in Fig. 3.8, a typical FTIR 
spectrometer consists of a light source, an interferometer, sample compartment, detector, 
amplifier, A/D converter and a data acquisition terminal (Personal Computer).42 The light source 
is used to generate the light of a wavelength ranging from ultra-violet (≤ 400 nm) to far-infrared 
(≥ 15 μm). The detector can measure the signal being generated by passing the radiation of the 
light source through the sample and interferometer. By a series of signal processing procedures 
in the computer system, a Fourier-transformed plot of the absorption/emission of infrared 
radiation can be achieved and displayed by the data terminal. The number and the intensity of 
absorption/emission peaks are related to the vibrational freedom of the molecule, and the change 
of dipole moment or the possibility of transition of energy level, respectively.43–45 Thus, 
abundant structure information of molecules can be determined through such technique. 
In the following works, FTIR played an important role in identifying the various crystalline 
phases of PVDF membranes and proving the removal of the PEO carrier from the PTFE/PEO 
electrospun fibrous composite membranes. The FTIR spectra of samples were obtained with a 
Thermo Scientific IS10 Nicolet at a nominal resolution of ±1 cm−1 for a total of 128 scans, and 
the data obtained were processed (baseline correction & normalisation) and analyzed using the 
vendor-provided software, OMINIC. 
 
Fig. 3.8 Schematic image of an FTIR spectrometer system.46 
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3.2.3 Differential Scanning Calorimetry 
It is generally considered that the Differential Scanning Calorimetry (DSC) is an ideal technique 
to generate DSC curves for studying the phase transition of the polymeric and resinous samples, 
such as melting point, glass transitions (Tg), exothermic decompositions, fusion, and 
crystallization events.48 As shown in Fig. 3.9, by filling a chamber with the required gas 
atmosphere, the physical transformation of the sample is measured via the variation of the heat 
flow with respect to a reference. Thus, DSC curves display the measured apparent molar heat 
capacity of the sample as a function of temperature.47 Besides, by utilising varying atmosphere 
(inert, oxidative, reductive), the technique can also be used to study oxidation, as well as various 
chemical reactions.45,49  
In the following works, the technique, performed by a TA Instruments DSC Q2000, was used 
to confirm the crystallization phases of the pristine PVDF and PVDF-ZnSnO3 composite 
samples or to determine the proper sintering temperature for PTFE/PEO electrospun composite 
membranes.  
 
Fig. 3.9 Schematic diagram of a Differential Scanning Calorimeter system. 
3.2.4 X-ray Diffraction 
Based on the Bragg equation (Eq. 3.2 below), X-ray diffraction (XRD) is one of the most 
important non-destructive tools to analyze the crystal structure and the crystallinity of the 
compounds (see Fig. 3.9).50,51: 
𝑛𝑛𝜆𝜆 = 2𝑑𝑑𝑠𝑠𝑑𝑑𝑛𝑛𝑑𝑑 (3.2) 
where 𝑛𝑛  is an integral number, 𝜆𝜆 represents the wavelength of the applied X-rays, 𝑑𝑑  is the 
interplanar spacing between the atoms, and 𝑑𝑑 is the angle of the beam with respect to the plane 
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of atoms. As the wavelength, λ, of X-rays (1-100 Å) is in the same order of magnitude of the 
spacing interplanar space d, it is commonly used as the wave source to produce the diffraction 
structure in the direction which is defined by the angle 𝑑𝑑, as the input beam is scattered by the 
plane of a periodic structure. The generated pattern can be applied as a chemical fingerprint or 
identification tool to52 
• identify polymorphic forms 
• distinguish amorphous and crystalline material 
• identify phase composition 
• quantify the mixed phases 
• determine the structure properties (size, shape & internal stress of the crystal) 
The essential parts of a typical diffractometer include an X-ray tube as the source of X-rays, 
incident-beam optics to condition the X-ray beam before hitting the sample, a detector to count 
the number of X-rays scattered, sample holders, and a goniometer to hold/control the movement 
of all the other components. It needs to mention that, in the real application, the X-ray is 
generated in the tube by striking the target anode by electrons. Thus, the wavelength of the X-
rays is determined by the anode used. However, it needs to mention that the actual X-ray beam 
commonly consists of several characteristic wavelengths of X-rays due to the inevitable 
impurity of the anode target. 
In conclusion, XRD is a rapid analytical technique used for phase identification of crystalline 
material and can provide information on unit cell dimensions. The XRD measurements 
throughout this research were performed using the Bruker, D8 Advance X-ray diffractometer 
with Cu Ka radiation (CuKα, λ=1.5418Å). The ZnO-nanosheets sample grown on an Al sheet 
was characterized by the XRD analysis, which was fixed on a sample holder with a support plate 
and spring. 
 
Fig. 3.10 schematic representation of (a) an XRD setup and (b) the relationship between 
the crystal planes and the incident angle of the X-ray beam.53 
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3.2.5 X-ray Photoelectron Spectroscopy & Ultraviolet photoelectron spectroscopy 
Photoemission Spectroscopy (PES), also known as photoelectron spectroscopy, as one of the 
most used surface analysis technique, is based on the photoelectric effect.54,55 By liberating 
electron into the vacuum by an incident photon energy and collecting them by an electrostatic 
lens (collector), the kinetic energy (KE) can be measured. The binding energy of the electron 
(BE) can thus be calculated based on the following equation:56 
 𝜕𝜕𝐸𝐸 = ℎ𝑣𝑣 − 𝐾𝐾𝐸𝐸 − 𝛷𝛷 (3.3) 
Where ℎ𝑣𝑣 represents the known photon energy, and 𝛷𝛷 is the work function of the spectrometer 
used. The photon energies, as well as the kinetic energies, used in the range from several 10’s 
to well over 1,000 eV, thus the penetration depth of the X-rays can be as deep of hundreds of 
nanometers or more.19 However, due to the elastic and inelastic interactions of photoelectrons 
with atoms in the sample, the XPS detection depth is limited to a maximum of a few nanometers 
over the typical kinetic energy range used. Depending on different types of ionization energy 
(photon) sources used, the technique can be classified into different types, i.e. XPS (X-ray 
photon) and UPS (ultraviolet photon). The energy analyzer will be used to determine the kinetic 
energies and counts of the photoelectrons of the ionized sample in a vacuum (normally better 
than 10-7 Pa).58  
The photoelectrons come from all electronic levels. However, the outermost electronic states 
have energies that are sensitive to the chemical bonding between atoms. Thus, the chemical 
bonding can be determined by observing the ‘chemical shifts’ of the electron energy positions. 
Both of XPS and UPS are primary techniques for analyzing the elemental, chemical, and 
electronic structure of organic materials.59 For example, in the following chapters, the 
techniques were applied to determine the presence of ZnSnO3 in the PVDF matrix and the 
presence of PEO in PEO/PTFE fibrous membranes, respectively. 
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Fig. 3.11 A schematic image of the photoelectron spectrometer.54 
3.2.6 Electrostatic & Piezoelectric Force Microscopy 
As a member of the family of scanning force microscopy (SFM), Electrostatic Force Microscopy 
(EFM) is an addition to the dynamic non-contact Atomic Force Microscopy (AFM) measuring 
the electrostatic force between the surface and a biased AFM cantilever.60,61 Based on the 
piezoelectric materials/effect, the vibration/movement of the tip and sample can be controlled 
with subnanometer precision. In non-contact mode, the cantilever is set to oscillate at a resonant 
frequency of the cantilever and the tip is controlled without entering the repulsive contact 
regime.62 Variable electric properties such as the surface potential and charge distribution of a 
sample surface can be determined by observing the generated electrostatic mappings.63 On the 
other hand, PFM is another variant of AFM. It uses a conductive voltage pre-set AFM tip to 
contact with the sample surface that allows imaging, studying and manipulation of 
piezoelectric/ferroelectric materials domains.64 
In this research, the EFM and PFM were used to compare the charge density qualitatively and 
to study the piezoelectric response of the surfaces of the produced PVDF and PVDF-ZnSnO3 
membranes quantitatively after the contact charging process. The electric field mapping and 
piezoelectric response of pristine PVDF and PVDF-ZnSnO3 blend membranes were investigated 
using EFM and PFM modes on a Bruker Icon AFM (Santa Barbara, CA) system. In the two-
step EFM mode, the topographic image was obtained during the main scan in the tapping mode. 
During interleave (lift) mode, the tip was raised above the sample surface, allowing the imaging 
of relatively weak but long-range electrostatic interactions while minimizing the influence of 
topography. For PFM imaging, a drive voltage of 5 V (for PVDF sample) and 10 V (for PVDF-
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ZnSnO3 sample) was used. For both EFM and PFM imaging, an electrically conducting (Pt/Ir 
coated) SCM-PIT probe was used with a resonance frequency of 64 kHz and a spring constant 
of 2.8 N.m-1. The images were processed and analysed using Nanoscope analysis software 
(V1.40, Bruker). 
The spatial distribution of charges in the PTFE and PA6 membranes was investigated using the 
electric force microscopy (EFM). EFM experiments were performed at ambient conditions using 
an MFP3D-Atomic Force Microscope (Asylum Research, Santa Barbara, CA, USA). In the two-
step EFM mode, the topographic image was obtained during the main scan in the tapping mode. 
During interleave (lift) mode, the probe was raised above the sample surface, allowing the 
imaging of relatively weak but long-range electrostatic interactions while minimising the 
influence of topography. For the EFM imaging, an electrically conducting Pt/Ir coated Si probe 
(AC240 Electrilever, Olympus Valley, PA, USA) with a resonance frequency of 70 kHz and 
spring constant of 2 N.m-1 was used. 
  
Fig. 3.12 Schematic illustration of the working principle and the block diagram of an AFM 
system.65 
3.2.7 TENG Design and Fabrication 
A vertical contact-separate mode TENG device was designed and produced for hand-drive real 
application tests. The double-layered TENG is shown in Fig. 3.13 wherein the first layer of the 
tribo-positive layer is attached using a conductive adhesive aluminium electrode on one side, 
while the opposite side is of tribo-negative layer, again attached using conductive-adhesive 
aluminium tape. Two square acrylics (PMMA) sheets (~5 mm thickness) with a size of 9 ⨉ 9 
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cm2 were used as the support substrates for easy handling, while each of the layers was fixed on 
the centre of the support. These two supports were then connected using two arc-shaped elastic 
polyimide (PI) thin films (~0.5 mm thickness) to maintain the desired spacer distance between 
them and ensure the distance can be recovered after releasing the compressing force.  
 
Fig. 3.13 Schematic render graph of the produced vertical contact-separate mode TENG. 
3.2.8 Electrical Characterisation 
The electrical measurements of the assembled TENGs were initially carried out using an Instron 
8872 fatigue testing system in conjunction with a TDS3012B oscilloscope and Keithley 
picoammeter. The equipment has a broad impact load range from 2-25,000N. However, the 
control system was not designed for the precision control of the impact within the magnitude of 
a few hundred newtons. Thus, initially, a few TENG output measurements were carried out by 
using this machine under the same impact load setting to ensure the actual impact force can be 
controlled in a relatively reasonable small range. In other words, the actual impact force detected 
by the sensor can only be varied by changing the spacer distance and the working frequency. 
The minor adjustment of the impact load setting in the system without changing other conditions 
would cause an unexpected effect (no change or immediate radical change) on the actual impact 
force detected by the sensor because of the limitation of the equipment.  
To increase the accuracy of the electric test results and to indeed measure their systematic 
response to input mechanical force, the outputs of the produced TENGs were further 
tested/measured by a combination of dynamic fatigue tester system (Popwil Model YPS-1), an 
oscilloscope (Tektronix MDO3022), and a pico-ammeter (Keysight B2981A). The new fatigue 
test system (Popwil YPS-1), interfaced with a personal computer, performs relatively accurately 
controlled and repeated pressing/releasing in the 1-1,000 N load range at a fixed frequency of 
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the range 1-10 Hz. In addition, the system has the function of detecting and recording the 
instantaneous maximum impact force data at a high-frequency operation process. By 
considering the relative low-frequency and low-pressure operation feature of the vertical 
contact-separation mode TENG devices, it is a more appropriate setup for the electrical 
characterisations. 
 
Fig. 3.14 The Popwil Model YPS-1 dynamic fatigue tester system used for testing TENG 
devices. (inset represents the sample holder, and the contact-separation motions are 
performed by the periodic up-down operations of the bottom cylinder, which is shown by 
the green double-sided arrow.)   
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4 INTERFACIAL PIEZOELECTRIC 
NANOSHEET LAYER: 
ZNO/PDMS BASED TENGS  
4.1 Motivation 
As introduced in the Literature review section, both piezoelectric and triboelectrification effects 
have been widely applied in the field of energy harvesting, it is reasonable to combine two 
effects together for the output enhancement purpose. The simulation analyses carried out for 
enhanced power output observed from previous literature for the combined piezoelectric and 
triboelectrification based systems have revealed the following combination methods: 
1) addition of electrostatic charges can be generated directly onto the piezoelectric material 
surface through contact with another material to enhance the piezoelectric potential 
difference8; 
2) by utilising a single common electrode between triboelectric and piezoelectric parts of the 
device, triboelectric charges are induced onto the piezoelectric electrode to improve the 
power output9,10; 
3) through rational structure design, a single device structure capable of generating both 
piezoelectric and triboelectric outputs can be obtained by a single press and release cycle11,12. 
Apart from the mentioned three methods, by considering the property of the piezoelectric 
materials, generating surface electrical potential linear with respect to the magnitude of the stress 
input, and the operation feature of the vertical contact-separate mode TENG (two layers to be 
compressed in each cycle), it is reasonable to assume, by generating piezoelectric 
potential/charge during the compress-separate energy harvesting process, an additional 
piezoelectric layer triggered by compressing force can affect/enhance the output performance 
enhancement of the TENG device. 
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Zinc oxide (ZnO) is a unique semiconductor and piezoelectric material with diverse 
nanostructured morphologies and has attained substantial interest for the fabrication of energy 
harvesting devices.1–4 Owing to the low-temperature growth condition, facile growth procedures, 
strong orientation effects, excellent flexibility and bio-compatibility, ZnO nanostructures have 
been utilised widely for energy harvesting applications.1,4–6 Most applications of ZnO are 
attributed to the coupling of its outstanding piezoelectric, catalytic and semiconducting 
properties.7 In earlier work, Narasimulu et al. had reported a novel TENG performance-boosting 
strategy by utilising an interfacial layer consisting of well-aligned electrodeposition ZnO 
nanosheets underneath the triboelectric negative fluoropolymer membranes.13 The interfacial 
piezoelectric layer has an effect in injecting extra charge to the surface of contact layer during 
the contact (pressing) motions of the energy harvesting process. However, it was well known 
that high β-phase content PVDF, owing to the presence and the arrangement of strong 
electronegative fluorine groups, can introduce simultaneous piezoelectric and triboelectric 
effects.14–16 Thus, it is reasonable to suspect that the transferred charge (density) can be caused 
by the piezoelectric response of both/either ZnO and PVDF layer(s). In addition, alternative 
hydrothermal synthesis approach commonly employs ZnO seeds in the forms of thin films or 
nanoparticles and/or requires an external electrical field to promote the growth of ZnO 
nanostructures for requirements of well-aligned and well-separated NWs (nanowalls).37 
In this regard, a thin film of PDMS, which does not show any inherent piezoelectric response 
and is established as one of the most tribo-negative materials listed in the triboelectric series17,18, 
was deposited on a seedless chemical grown ZnO nanosheet layer directly on a smooth Al 
electrode surface to study the influence of the interfacial piezoelectric charge injection effect to 
the surface charge density of the common triboelectric material, without the influence of 
piezoelectric effect from the piezoelectric polymer.  
4.2 Experimental 
The ZnO nanosheets were synthesised using zinc nitrate hexahydrate Zn(NO3)2·6H2O (99.9% 
purity), and Hexamethylenetetramine (HMTA) (99.9% purity) and used as received from 
Sigma-Aldrich. The ZnO growth process was carried out on a self-adhesive Aluminium (Al) 
tape (2 x 2 cm) attached on to the surface of a plain microscope glass slide, subsequently cleaned 
in acetone, propanol and ethanol in the ultrasonic bath and washed using DI (deionized) water. 
The synthesis of ZnO depends on a low-temperature chemical bath deposition (CBD), which 
was initiated by immersing the cleaned Al/glass substrates in an aqueous solution consisting of 
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0.025 M Zn(NO3)2·6H2O, 0.025 M HMTA, and DI water with the pH value of ~5.6. In this case, 
the former provides the Zn2+ required for the formation of the ZnO nanosheets, and the latter is 
generally considered to work as a bidentate Lewis base that coordinates and bridges two Zn2+ 
ions19, and pH buffer in the reaction.20  The growth was carried out in a water bath at 85 °C for 
2 hours. The produced samples were further washed by immersing in DI water and dried in the 
air at the room temperature (~ 20 oC). 
In the broad range of chemical precursor concentrations, the growth of ZnO Nanosheets is 
expected to be driven by the set of the following chemical reactions20 
 (𝑆𝑆𝐻𝐻2)6𝑁𝑁4 + 6𝐻𝐻2𝑂𝑂 ↔ 6𝐻𝐻𝑆𝑆𝐻𝐻𝑂𝑂 + 4𝑁𝑁𝐻𝐻3 (4.1) 
 𝑁𝑁𝐻𝐻3 + 𝐻𝐻2𝑂𝑂 ↔ 𝑁𝑁𝐻𝐻4+ + 𝐻𝐻𝑂𝑂− (4.2) 
 𝑍𝑍𝑛𝑛(𝑁𝑁𝑂𝑂3)2 → 𝑍𝑍𝑛𝑛2+ + 2𝑁𝑁𝑂𝑂3− (4.3) 
 𝑍𝑍𝑛𝑛2+ + 4𝑁𝑁𝐻𝐻3 ↔ [𝑍𝑍𝑛𝑛(𝑁𝑁𝐻𝐻3)4]2+ (4.4) 
 𝑍𝑍𝑛𝑛2+ + 2𝐻𝐻𝑂𝑂− ↔ 𝑍𝑍𝑛𝑛(𝑂𝑂𝐻𝐻)2 (4.5) 
 𝑍𝑍𝑛𝑛(𝑂𝑂𝐻𝐻)2 ↔ 𝑍𝑍𝑛𝑛𝑂𝑂(𝑠𝑠) + 𝐻𝐻2𝑂𝑂 (4.6) 
In the process, five reactions, Eqs. (4.1-4.2) Eq. (4.4) to (4.6), are in equilibrium and can be 
controlled by adjusting the reaction parameters, including precursor concentration, pH value , 
growth temperature and growth time, pushing the reaction equilibrium forwards or backwards. 
As shown in Eq. 4.1, HMTA readily hydrolyzes in water and gradually produces HCHO and 
NH3; meanwhile, it keeps releasing its strain energy because of its rigid molecular structure. The 
growth process should avoid a high pH environment, which results in fast consumption of the 
nutrient and prohibits the oriented growth of nanostructures.21 It needs to mention that, in the 
reaction, the morphology of the grown ZnO can be controlled by adding counter-ions which are 
not involved in the growth process.20 Since Al is more active than Zn, the substrate will be 
oxidised to Al3+ and further forms AlO2− in the reaction solution. Thus, the absorption of AlO2− 
by Zn2+ can slow down the growth of ZnO with the crystal orientation in 0002 plane, resulting 
in a honeycomb-like network structure with the c-axes parallel to the substrate plane. The ZnO 
structure with similar nanosheet/wall was also realised by Huang et al. and Iwu et al. through 
different concentration of Zinc nitrate and HMTA in the CPD bath solution heating in the 
temperature range from 90 to 95 oC .3,36  
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The PDMS layers were deposited by spinning coating (Spin 150 processor), utilising a 10:1 
(w/w) mixture of the prepolymer and crosslinker (Sylgard 184 Silicone Elastomer Kit) on the 
surface of the prepared ZnO nanosheet layer (ZnO/PDMS) or directly on the Al substrate 
(electrodes) for producing pristine PDMS sample as a reference. The protocol includes a 500 
rpm low-speed dispense, and a 2,500 rpm desired rotation spin speed for 25 s. The as-obtained 
samples subsequently cured in an oven at 70 oC for 2 hours.  
For the contact layers, the phase-inversion PA6 membranes (shown in Fig. SI 1) were used as 
the tribo-positive layer for both of samples; meanwhile, for demonstrating the effect of the ZnO 
interface layer, the tribo-negative layers were produced and separated into two groups, pristine 
PDMS and ZnO/PDMS. The thickness of the reference pristine PDMS contact layer was 
controlled as the same value as the aggregate thickness of the ZnO/PDMS one. The 
corresponding tribo-layers were attached to the sample holders and performed periodic contact-
separation motions by employing the fatigue testing system, which was introduced in §3.2.7. 
4.3 Results and discussion 
4.3.1 Material Characterisation 
4.3.1.1 Microstructural Characterization of the synthesized films 
The surface and cross-sectional morphologies of the grown ZnO nanosheet layer on the Al 
surface is shown in Fig. 4.1(a-c). It can be observed that the randomly grown ZnO nanosheets 
uniformly distributed on the Al substrate through the hydro-thermal chemical approach, which 
is similar to the ZnO layer created by electrodeposition technique.13 According to Kim et al., as 
compared to other ZnO nanostructures, the ZnO with two-dimensional nanosheet structure has 
a much better mechanical durability and stronger strain-energy density which increased from 7.88 × 106 J. m−3 to 8.2 × 106 J. m−3, compared to those of one-dimensional ZnO nanorods.22 
Based on the ZnO nanosheets structure with such property, the service life of the produced force-
driven energy harvesting devices can be greatly extended. By observing Fig. 4.1(d), the doped 
PDMS solution penetrates deep into the nanosheets structure with a thickness of ~7 μm. On the 
other hand, the thickness of the cured deposited PMDS layer is ~75 μm. In addition, the presence 
of Al was confirmed by EDS (Energy-dispersive X-ray spectroscopy) measurement shown in 
the inset of Fig. 4.1(a-i).  
Chapter 4 Interfacial piezoelectric nanosheet layer: ZnO/PDMS based TENGs 
      Pengfei Zhao – Feb 2020                                                                  86 
 
Fig. 4.1 Morphologies of the surface (a&b), cross-section (c) of the ZnO nanosheet layer, 
and cross-section (d) of the ZnO/PDMS system. The inset (i) is the EDS measurement 
result of the ZnO layer. 
As shown in Fig. SI 1 (Supplementary Information), the PA6 membranes, with the thickness of 
~20 µm, shows high porosity, with a pore size range from 1.0 µm to 1.5 μm, which does not 
extend throughout the thickness of the membrane. According to previous studies, porosity can 
be introduced into the PA6 membrane via the addition of water into the PA6/formic acid doped 
solution and further enhanced by increasing the concentration of water in the system.23,24 While 
no water was introduced separately during the membrane formation process, the ability of 
polyamides to absorb water from the ambient quite readily and the fact that there is nearly 2.5% 
water in the formic acid itself would have contributed to the introduction of porosity in the 
membranes. In addition, as mentioned in §3.1.2, the instantaneous demixing process, phase 
separation begins immediately after immersion, leading to the formation of porosity on the 
bottom layer of the formed membranes.25 
4.3.1.2 X-ray Diffraction Characterization of the synthesized films 
The XRD patterns for the ZnO nanosheets were recorded and shown in Fig. 4.2. The diffraction 
peaks at 38.55ο and 44.73ο can be attributed to Al(111) and Al(200), which are introduced by 
the Al substrate (tape). On the other hand, the diffraction peaks at 31.96ο (100), 34.62ο (002), 
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36.45ο  (101), 47.75ο  (102) and 56.70ο (110) can be used to confirm the crystallisation of the 
ZnO. In addition, the extra phase of ZnO_Al.LDH can be distinguished by the peaks located at 
10.02ο (003), 20.01ο (006) and 33.86ο (012). It is commonly accepted that the ZnAl:LDH layer, 
acting as an anionic clay, is a favourable factor of the piezoelectric response which can generate 
a large number of anions (NO3-) during the charge generation cycles.26–28  
 
Fig. 4.2 XRD spectrum of the ZnO interfacial nanosheets on an Al substrate. 
4.3.1.3 X-ray Photoelectron Spectroscopy of the synthesized films 
XPS analysis was carried out to ascertain the surface chemistry of ZnO nanosheets and the 
distribution, oxidation state of Al in the ZnO nanosheets. The XPS wide energy survey scan, 
calibrated by the C1s peak at 285.0 eV, for ZnO nanosheets is shown in Fig. 4.3(a).  Three main 
elemental peaks, Zn (8.04 at.%), O (55.66 at.%) and Al (8.04 at.%), can be observed from survey 
scan. The high-resolution spectrum for Al 2p is shown in the inset of Fig. 4.3 (a) with a peak 
located at 74.3eV, which is similar to the reported values from the literature, indicating that the 
Al dopants have successfully been incorporated into ZnO lattice structure.29,30  The high-
resolution spectrum for Zn 2p is depicted in Fig. 4.3(b), showing a doublet pair peaks at the 
binding energies 1,021.5 eV and 1,044.6 eV for Zn 2p3/2 and Zn 2p1/2, respectively. According 
to the previous research26,29,31, the positive peak shift is mainly attributed to the penetration of 
Al3+ cations into the ZnO lattice and their subsequent substitution of the Zn2+ cations. The O1s 
peak located at 531.8 eV, shown in Fig. 4.3(c), can be further deconvoluted into three Gaussian 
peaks at 530.2, 531.8, 533.0 eV.29,32,33 The O2- ions associated with the ZnO can be attributed to 
the lower binding energy of O1s peak, which is located at ~530.2 eV, while the peak at ~531.8 
eV can be ascribed to the oxygen defects caused by oxygen vacancies present within the ZnO 
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matrix. In addition, the third peak nearby 533 eV was considered as the attribution of the loosely 
bound oxygen species, such as hydroxyl species on the surface of ZnO lattice.26,29–33 
 
Fig. 4.3 XPS analysis for ZnO nanosheets (a) Wide energy survey scan, with inset showing 
Al 2p core-level spectrum, (b) Zn 2p spectrum, (c) and (d) O1s core level spectrum 
4.3.2 Electrical Characterisation of PA6/ZnO-PDMS TENG 
It can be observed from Fig. 4.4 that the electrical outputs of the produced TENGS were 
measured at various external forces from 20 to 80 N, with a fixed driving frequency of 5 Hz and 
a spacer distance of 5 mm. A clear increase of both Voc and Jsc can be observed from the test 
results of both ZnO-PDMS and pristine PDMS based TENGs along with the increase of the 
contact forces. At a relatively high external force condition (80 N), the Voc tested from the ZnO-
PDMS based device (~800 V) was ~2 times higher than the pristine PDMS based one (~400 V). 
According to the theoretical research of the contact-mode TENG, the transferred charge (Q) 
through the electrode is proportional to the surface charge density (σ) generated during the 
contact process.34  
𝑄𝑄 = 𝜎𝜎𝑆𝑆 (4.7) 
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Where S is the contact area size between the tribo-layers. Thus, for a TENG produced by plain 
non-polar molecule-based materials, the amount of σ built on the surface of the contacted 
dielectric layers is fixed. The resulted transferred charge between the electrodes in each energy 
harvesting cycle should remain constant regardless of the changes in working conditions within 
a reasonable range.35 
 
Fig. 4.4 Electrical measurement results of the ZnO-PDMS and pristine PDMS based 
TENG. The (a & c) Voc and (b & d) Jsc with the corresponding transferred charge density 
measurements were carried out at external various impact forces at a fixed frequency of 5 
Hz, and a spacer distance of 5 mm with/without ZnO layer, respectively. 
The pristine PDMS based TENG matches the pattern that the calculated output charge density 
values floated around a fairly consistent level (~110 μC.m-2). In contrast, with ZnO interfacial 
layer, the average output charge density of ZnO-PDMS based TENG increased from ~160.3 
μC.m-2 to ~225.7 μC.m-2 as the impact force increased from 20 N to 80 N, respectively. 
Compared to the pristine PDMS based TENG, this corresponding increase in the output 
parameters (Voc and Jsc) at the same working conditions and the distinct increase of the 
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transferred charge density along with the increment of the external impact force as a 
consequence of the extra surface charge density injected by the stress-induced polarisation of 
the ZnO nanosheet interfacial layer. 
Fig. 4.5 shows the electrical output measurement for a piezoelectric device, with a sandwich 
structure of Al-ZnO-PA6-Al. A thin layer PA6 was directly deposited on top of the ZnO 
nanosheets layer (to avoid the influence of the weak conductivity of the ZnO layer), and Al 
electrode was attached to PA6 film. When a force is applied to the device, the outputs are 
primarily contributed by the piezoelectric response of the ZnO nanosheets layer.  
 
Fig. 4.5 Piezoelectric voltage output VOC (a) and short-circuit current density JSC (b) of a 
sample, obtained at a 5 Hz working frequency and various external impact loads.  
The ZnO-PDMS based TENG was consequently tested as a function of operating frequency 
from 1 Hz to 9 Hz with a 2 Hz interval, which is shown in Fig. 4.6. Conspicuous enhancements 
can be observed in output parameters (Voc & Jsc) when the frequency was increased from 1 Hz 
to 3 Hz. Thus, the reasonable working frequency for the device was considered to be in the range 
of 3 Hz to 9 Hz. In addition, it is worthy of mentioning that, when the device was tested at the 
condition of a fixed impress force of 50 N, the calculated values of the output charge density 
per generation cycle fluctuate round 200 μC.m-2 within a negligible range. The results agree 
with the assumption that the extraordinary transferred surface charge density of the PVDF-ZnO 
based TENG is attributed to the stress-induced charge injection effect of the ZnO nanosheet 
interfacial layer and the negative charges built at LDH/nanosheets heterojunction layer. 
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Fig. 4.6 (a) Voc and (b) Jsc for ZnO-PDMS TENG along with the corresponding transferred 
output charge density.  Measurements were carried out at various working frequencies at 
a constant external impact force of 50 N, and a spacer distance of 5 mm.  
The output power of the produced TENGs was further tested at the working conditions of 50 N 
impact force, 5 mm spacer distance and 5 Hz impact frequency by connecting it to various 
external load resistors in series (Fig. 4.7a). Since the fabricated TENG has a very large 
impedance, compared to that of the oscilloscope (100 MΩ) used, the instantaneous peak power 
was measured based on the current measured using the relationship, P=I2×R. As shown in Fig. 
4.7, the power output of ZnO-PDMS TENG is maximized at an external load resistance of ~20 
MΩ, corresponding to a massive peak power density of ∼47 W.m−2. In contrast, at the same 
working conditions, the pristine PDMS based TENG can only provide a maximum 
instantaneous output power of ~13 W.m-2. The instantaneous power density is ~7 times of the 
reported ZnO nanosheets-PVDF (polyvinylidene difluoride) based TENG, which can give a 
maximum output density of ~1.8 W.m-2.13 The generated electric energy (Eele), shown in  Fig. 
4.7(b), delivered to the load at the impedance matching condition was determined by: 
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = � 𝐼𝐼𝑡𝑡2𝑅𝑅𝑒𝑒𝑜𝑜𝑙𝑙𝑙𝑙𝑑𝑑𝑡𝑡(𝑛𝑛+1)𝑡𝑡
𝑛𝑛𝑡𝑡
 (4.8) 
where I stands for the value of the current measured across the load resistance of R, n is the 
number of generation cycle, and t is the time period of each energy generation cycle (0.2 s at 5 
Hz working frequency).  At the impedance matching condition (when RLoad = 30 MΩ), Eele of 
ZnO-PDMS TENG was calculated to be 1.27 μJ.cycle-1, which is almost two times higher than 
the energy (~0.65 μJ.cycle-1) harvested by the pristine PDMS based one. 
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Fig. 4.7 (a) Power density values measured with various resistance loads for ZnO-PDMS 
and pristine PDMS based TENGs. (b) Corresponding electrical energy transferred for 
each harvesting cycle (area) at the impedance matching condition (~20 MΩ).   
4.3.3 The mechanism for high performance of the ZnO nano-sheet based TENG 
The performance improvement mechanism of the ZnO nanosheet layer in single contact-
separation generation cycle is schematically shown in Fig. 4.8. During the compression process, 
the ZnO layer was expected to inject extra charge to generate a positive potential at the stretched 
side of the nanosheets and a negative potential at the compressed side.  Furthermore, the positive 
charged Zn:Al_LDH (Zn-Al:Layered Double Hydroxides) layer compensated with the free 
negative charges transported from the ZnO nanosheets to form a net negative potential layer. 
The combined effects induce a significantly higher surface charge density of the surface PDMS 
layer. As it is shown in Fig. 4.8(a & b), positively charged LDH layer containing both positive 
charge and charge balancing anions. When the nanosheets were pressed by an external force 
(shown in Fig. 4.1c), a deformation-dependence number of free electrons generated from the 
compressed side of the sheets. The LDH, as an anion exchange and weak conducting layer, is 
compensated with the generated free electrons to form a strongly negatively charged layer at the 
interface between the nanosheet and the Al electrode.22 The further generated negatively 
charged layer can help to induce a higher positive potential on the backside Al electrode and 
attract more electrons flow from the back electrode of the tribo-positive layer. 
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Fig. 4.8 A schematic working mechanism of the TENG with a Zn:Al_LDH and ZnO 
nanosheet interfacial layer incorporated to increase the charge density through the 
piezoelectric effect.   
4.4 Summary 
In summary, a superior TENG, based on the strategy of developing the surface tribo-charge 
through the stress-induced piezoelectric effect, was successfully proposed. It consists of an 
interfacial piezoelectric ZnO nanosheet layer and anionic layer heterojunction underlying 
PDMS as a tribo-negative layer and a PA6 phase inversion membrane as the positive layer. The 
enhancement in performance of the TENG with interfacial networked ZnO layer is significant 
compared to the pristine PDMS based one. The well-aligned ZnO nanosheets layer with a 
sufficient mechanical strength not only enhance the effective contact surface area to the tribo-
contact material (PDMS) but also lead to an extra layer of ZnO:Al_LDH, leading to ~50% of 
enhancement in the surface transferred charge density along with the growth of the contact loads. 
This stress-induced charge enhancement assists in charge injection by piezoelectric interlayer 
on to the surface of the contact dielectric layer, which in-turn tremendously improves the 
instantaneous power density from ~10 W.m-2 to ~47 W.m-2, and doubled output energy without 
affecting the internal impedance of the device. The facile synthesis of ZnO nanostructures 
alongside the simple spin-coating technique provides an effective and consistent route to 
boosting the output performance of devices.   
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5 NOVEL PIEZO-/TRIBO- 
COMPOSITE MATERIAL: POLY 
(VINYLIDENE FLUORIDE)-ZINC 
STANNATE BASED TENG 
5.1 Motivation 
By observing the published triboelectric series, i.e. the one shown in Fig. 2.14, polyamide-6 
(PA6, Nylon) tends to lose electrons when it is in contact with the relative right-hand ranked 
materials. On the other hand, although poly(vinylidene fluoride) (PVDF) is not listed on the list, 
it is generally considered that β-phase PVDF has a significantly high ability to gain electrons 
owing to the planar zigzag all-trans arrangement of large electronegativity fluorine atoms. 
Therefore, PVDF and polyamides are two of the most common materials used for fabricating 
triboelectric effect based energy harvesters and have also been applied for many other 
applications, such as self-powered anti-corrosion system and UV detectors.1–4 As it was 
introduced in the § 2.5.3, for fluorinated polymers, the surface charge density can be enhanced 
via controlling the polarisation state by either using an external electric field or via the use of 
suitable additives and processes to yield high polarisation (such as electrospinning, low-
temperature quenching, extrusion, etc.).1,5,6 However, the extra procedures increase the 
difficulty and cost of material fabrication. 
ZnSnO3 is a metastable form of Zinc Stannate.7  As one of the ecologically friendly lead-free 
materials in the NCS (N-Chlorosuccinimide) group, ZnSnO3 is attractive due to its unique 
symmetry-dependent and spontaneous polarization properties that are considered to be the basis 
of the ferroelectricity, piezoelectricity, and nonlinear optics.8 Recently, Son et al.9 reported that 
the ferroelectric polarization of the produced ZnSnO3 thin-film reaches ~47 μC.cm-2, and Wu et 
al.10 proposed their carbon-terminal grown ZnSnO3 nanobelts based piezoelectric nanogenerator 
with a total energy conversion efficiency of 6.6%. These previous researches have clearly shown 
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the promising piezoelectric and ferroelectric properties of ZnSnO3 nanomaterials, and its great 
application prospect in the field of energy harvester.11 
The zinc stannate related studies have been mostly focused in the field of piezoelectric energy 
harvesting, and few researchers realise that the combination of the high spontaneous polarization 
effect of ZnSnO3 with tribo-contact materials could also improve the output performance of the 
triboelectric nanogenerator significantly. This motivates us to investigate and explore ZnSnO3 
nanomaterials incorporated in tribo-negative materials for TENG fabrication. In this work, 
ZnSnO3 nanoparticles are introduced in the PVDF matrix through a hot extrusion process to 
produce a novel composite material with high spontaneous polarization property. The composite 
material was used to fabricate a TENG device, which is expected to enhance electric outputs 
without relying on the high-voltage prior charge injection technique. 
5.2 Experiments 
5.2.1 Composite Preparation and Membrane Fabrication 
PVDF (SOLEF 1006) was obtained from Solvay Solexis Ltd.; ZnSnO3 nanocube powder 
(FLAMTARD S) with the approximate size of 400-500 nm was purchased from William Blythe 
Ltd. (U.K.). The morphology and crystallinity of ZnSnO3 powder used for the extrusion process 
were analysed by employing a scanning electron microscope and shown in Fig. 5.1(a, c&d). The 
chemical compositions of the used ZnSnO3 shown in Fig. 5.1(b) are obtained by employing 
energy-dispersive X-ray spectroscopy (EDS).  
Due to the insolubility of the ZnSnO3 in N, N-Dimethylformamide (DMF), direct dissolution 
will lead to a heterogeneous distribution of the component in the PVDF matrix. However, a 
high-temperature extrusion process has the ability to diffuse small additional component into 
the polymer matrix to make the mixture eventually a single phase with a uniform composition.12 
Thus, the ZnSnO3 incorporated PVDF composites were prepared using a Thermoelectron Prism 
Eurolab 16 twin screw extruder (with a 16 mm screw diameter and an L/D value of 24) to ensure 
the homogeneous distribution of ZnSnO3 (5 wt%) in the PVDF matrix. 
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Fig. 5.1 (a, c, & d) SEM images confirm the nanocube structure of FlamtardTM ZnSnO3 
powders. (b) EDS confirmation of the ZnSnO3 chemical structure in high magnification. 
The PVDF homopolymer has a melt flow index of 40 g.10 min-1 at 230 oC and 2.16 kg mass 
with the melting point and crystallisation temperature of ~175 oC and ~138 oC, respectively. 
The temperature profile set during the compounding process was: 150 (hopper-end), 200, 205, 
205, 200, and 200 oC (die head) with a screw speed of 350 rpm. The compounded samples were 
extruded as single strands of ~2 mm diameter into a water bath before passing through a 
pelletiser to obtain PVDF-ZnSnO3 composites. According to Fig. 5.2, only a single phase can 
be observed on the cross-section SEM image of the produced pelletiser, which demonstrated the 
high homogeneity of the ZnSnO3 particles dispersed in the PVDF matrix during the high-speed 
extrusion process. 
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Fig. 5.2 SEM cross-section image of a produced 10% PVDF-ZnSnO3 pellet. 
The dope solution of the PVDF-ZnSnO3 composites was prepared by continuously stirring  a 20 
wt% solution in N, N-Dimethylformamide (DMF) at ~70 oC for three hours. Subsequently, a 
certain volume of the solution was deposited on a highly polished silicon wafer via a spin-
coating process. The spin-coating process was performed by using the following protocol: pre-
spinning at 500 rpm (rotation per minute) for 5 sec, followed by 2,000 rpm spinning for 20 sec 
through a Spin 150 single substrate spin processor. The coated substrate was straight immersed 
in an anti-solvent bath at room temperature, TQ, of ~20 oC. The free-standing membranes thus 
obtained were subsequently rinsed repeatedly in distilled water and left overnight in deionised 
water to remove any residual solvent.  
5.2.2 Material Characterisation 
Likewise, a Hitachi S3400N SEM system was used to characterise the surface microstructure of 
the produced membranes. The vibrational characteristics of the films were examined by FTIR 
spectroscopy (Thermo Scientific IS10 Nicolet). Vendor provided OMINIC software was used 
to generate the plots and analyse the collected data, including the calculation of β-phase content. 
The spectra were recorded at a nominal resolution of ±1 cm-1 for a total of 64 scans. DSC was 
used to investigate the crystalline phase of the polymer films on a TA Instruments DSC Q2000. 
The samples, approximate weight of 2 mg, were heated at 5 oC. min-1 from -50 oC to 200 oC 
under 50 ml.min-1 N2 flow. Dielectric properties of the samples were studied by Dielectric 
Relaxation Spectroscopy(DRS) technique using the Alpha analyser by sputtering gold 
electrodes (using a sputter coater EMS 550) on both sides of the samples to ensure good 
electrical contact between the sample and the gold-plated capacitor plates. The complex 
dielectric permittivity was recorded and measured in a broad frequency ranged from 10-2 to 106 
Hz.  
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The electric field mapping and piezoelectric response of pristine PVDF and PVDF-ZnSnO3 
composite membranes were investigated by employing Electrostatic force microscopy (EFM) 
and Piezoelectric Force Microscopy (PFM) modes on a Bruker Icon AFM (Santa Barbara, CA) 
system. In the two-step EFM mode, the topographic image was obtained during the main scan 
in the tapping mode. During interleave (lift) mode, the tip was raised above the sample surface, 
allowing the imaging of relatively weak but long-range electrostatic interactions while 
minimizing the influence of topography. For PFM imaging, the Bruker Icon AFM system was 
operated in PFM mode with a drive voltage of 5 V for PVDF sample and 10 V for PVDF-
ZnSnO3 sample. The electrically conducting (Pt/Ir coated) SCM-PIT probe with a resonance 
frequency of 64 kHz and a spring constant of 2.8 N.m-1 were used during the mapping process. 
The images were processed and analysed using Nanoscope analysis software (V1.40, Bruker). 
5.3 Results and discussion 
5.3.1 Material Characterisation 
5.3.1.1 Scanning Electron Microscope of the films 
During the phase inversion process, the PVDF and PVDF-ZnSnO3 membranes are formed by 
quenching the spin-coated films into a non-solvent bath to induce rapid liquid-liquid and liquid-
solid phase separation events.5,13,14 The microstructure and crystalline phase of the resulting 
films are a complex function of the experimental parameters of composition (wt%), solvent-
type, anti-solvent and quenching temperature ,etc. Meanwhile, Fig. 5.3(a-d) show the surface 
and the cross-sectional structure of the PVDF and PVDF-ZnSnO3 membranes. It has been 
demonstrated that the porosity of the PVDF membranes decreases with the decrease in the TQ 
which is attributed to the slow crystallisation and elimination of DMF from the dope solution 
which itself arises from the reduced mobility and miscibility of DMF at lower temperatures.5  
For both PVDF and PVDF-ZnSnO3 membranes, the porous structure exists only on the surface 
of the membranes rather than throughout the whole thickness of the film. In fact, the diameter 
of the pores on the pristine PVDF membrane is in the range from 0.1-0.5 µm, whereas the pores 
on PVDF-ZnSnO3 membranes are in the 0.5-1.0 μm range with a slightly higher density, which 
could be attributed to the changes in liquid-solid phase separation events due to the presence of 
the second phase, i.e. ZnSnO3. In addition, as shown in Sec 4 (Fig. 4.3), the reference tribo-
positive layer, PA6 membranes, show a significantly higher surface porosity with a pore size 
range from 1.0 µm to 1.5 μm. According to previous studies carried out by various groups, the 
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charge density of the TENG can be enhanced by effectively controlling the microstructure and 
porosity of the polymer films.1,15,16 In a recent work by Wang et al.1, nanostructured porous 
PVDF and PA6 membranes-based TENG produced a significantly higher transferred charge 
density (~71 µC.m-2) than their smooth counterpart (~48 µC.m-2), on account of larger surface 
area, thus showing the effect of porosity on the TENG operation and as such is a contributory 
factor in enhancing the power output of the TENG. Thus, the porous surface structure of the 
produced membranes induced higher surface area can contribute positively to the enhancement 
in the power density of the TENGs.  
 
Fig. 5.3 SEM images of the surface and cross-section of (a, b) a pristine PVDF membrane, 
and (c, d) a PVDF-ZnSnO3 membrane. 
5.3.1.2 Fourier-Transform Infrared Spectroscopy of the films 
The FTIR results of the PVDF and PVDF-ZnSnO3 films are shown in Fig. 5.4a. It has been 
extensively reported that the signature vibrational bands at 760 cm-1 (CF2 bending and skeletal 
bending) and 840 cm-1 (CH2 rocking and CF2 asymmetric stretching vibration) are ascribed to 
the α-phase and the β-phase crystallites, respectively. Apart from these signature bands, other 
prominent bands appear at 796, 975, 1210, 1383 and 1423 cm-1 for the α-phase; while band 
observed at 1234 cm-1 is ascribed to the β-phase crystallites.17,18 Thus, the quantification of β-
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phases in crystalline PVDF matrix relative to α-phase, F (β), can be carried out using the 
following equation6,18 
 𝐹𝐹(𝛽𝛽) = 𝐴𝐴𝛽𝛽/((𝐾𝐾𝛼𝛼 + 𝐾𝐾𝛽𝛽) × 𝐴𝐴𝛼𝛼 + 𝐴𝐴𝛽𝛽) = 𝐴𝐴𝛽𝛽/(1.26 × 𝐴𝐴𝛼𝛼 + 𝐴𝐴𝛽𝛽  ) (5.1) 
where Xα and Xβ are crystalline mass fractions of α- and β-phase and Aα and Aβ refer to the 
absorbance of vibration bands at 760 and 840 cm−1, respectively. Kβ and Kα represent the 
absorption coefficients of 6.1 × 104 cm2 .mol−1 and 7.7 × 104 cm2 .mol−1 at the vibration bands 
of 760 cm−1 and 840 cm−1, respectively. It can be clearly observed that the starting PVDF pellets 
consist of primarily α-phase, as evident by the strong characteristic absorbance bands at 760, 
796 and 974 cm-1. Upon phase inversion, a significant increase in the β-phase is achieved for 
the PVDF membranes, wherein the β-phase is enhanced to ~49% from an initial value of ~35% 
for the raw material (PVDF pellets).  
Upon the introduction of ZnSnO3 to the PVDF, at the same processing conditions, the β-phase 
content is further enhanced to nearly 72%. As shown in Fig. 5.4(b), interfacial interactions 
occurring between the ZnSnO3 nanocubes and the PVDF matrix were also observed via the 
shifts in the CH2 asymmetric and symmetric stretching vibrations modes. For the PVDF-ZnSnO3 
membranes, as compared to both pristine PVDF pellets and membranes, the asymmetric CH2 
(υas) vibrations showed a marked downshift from ~3025 cm-1 to ~3019 cm-1, which has been 
attributed to the increase in the effective mass of the CH2 dipoles resulting in the damping of 
the vibrational frequency.19,20 In fact, as shown in Fig. 5.4(c&d), the deconvoluted values of the 
FTIR peak positions match very well with those reported in the literature for the β-phase PVDF 
films, wherein the calculated frequencies for the weak asymmetrical and symmetrical peaks 
occur at 3024 and 2984 cm-1, respectively. 
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Fig. 5.4 (a) FTIR spectra of pristine PVDF, PVDF-ZnSnO3 membranes and reference 
starting PVDF pellets, (b) transmission FTIR spectra showing the shifts in the CH2 
symmetric and asymmetric modes, (c-d) deconvolution of FTIR spectra of PVDF and 
PVDF-ZnSnO3 membranes confirming the shift in the CH2 asymmetric stretching 
frequency owing to its interaction with ZnSnO3. 
5.3.1.3 Differential Scanning Calorimetry of the synthesised films 
For the DSC thermograms shown in Fig. 5.5, unlike the PVDF pellets, both the PVDF and 
PVDF-ZnSnO3 membrane samples show shoulder-like structures around the main melting peak 
with changes observed in the melting temperature (TM) as well. It is largely accepted in the 
literature that β-phase crystallite melting occurs in the range 165–172 oC; α-phase in the range 
172–175oC with the γ-phase melting between 175 and 180 oC (marked in Fig. 5.5). 5,13,14,21,22 
The TM of PVDF granules and pristine PVDF membranes, 173.6°C former and 173.0 °C latter, 
are very close to each other. However, the TM of PVDF-ZnSnO3 membrane is 165.5 °C, 
approximately 8°C lower than the other two samples. According to the previous reports23–25, 
this reduction of the TM is mainly caused by the enhanced β-phase content and the change in the 
porosity of the membranes. In fact, the thermogram for the PVDF-ZnSnO3 sample is largely 
enclosed within the range of 160-172oC, further confirming the enhancement in the β-phase. 
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The melting curves of pristine PVDF pellets and membrane are much closer to the melting range 
of α-phase, although PVDF membrane does show a small endotherm in the melting range of β-
phase. In fact, the total crystallinity of the samples (ΔXc) can be calculated using the following 
equation, 
 
∆𝑋𝑋𝑠𝑠 = ∆𝐻𝐻𝑚𝑚∆𝐻𝐻𝑚𝑚100 × 100% (5.2) 
where ΔHm is the melting enthalpy of the sample and ΔHm100 is the melting enthalpy of 100% 
crystalline material (taken as 104.7 J/g for PVDF).26 For starting pellets, a low crystallinity of 
the order of 38.6% is observed which is enhanced to nearly 46.8% for the pristine PVDF 
membranes and is further enhanced to nearly 57.1% for the PVDF-ZnSnO3 membranes. From 
previous studies carried out by Gomes et al.27, for PVDF, it has been established that the piezo- 
and ferroelectric behaviour of PVDF depends on the crystalline β-phase content and the 
saturation polarization increases with an increase in the ferroelectric β-phase content in the 
sample. The PVDF-ZnSnO3 membranes with higher β-phase content should display higher 
polarization and as such should possess larger triboelectric charge density for acquiring the 
charge from the PA6 membrane. 
 
Fig. 5.5 DSC plots for pristine PVDF pellets, PVDF membrane and PVDF-ZnSnO3 
membrane and their corresponding crystallite melting regions. 
5.3.1.4 X-ray and Ultraviolet photoelectron spectroscopies of PVDF-ZnSnO3 film 
The presence of ZnSnO3 in the composite membranes was further confirmed by using XPS 
measurements (see Fig. 5.6(a-d)).  In addition, the higher crystallinity of β-phase PVDF can also 
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be confirmed by the CH2 binding energy shift in the XPS spectra of the PVDF-ZnSnO3 
membranes wherein its peak position shifted by 0.7 eV (Fig. 5.6c) along with a corresponding 
increase in the density of states observed from the UPS measurements (Fig. 5.6e).31 As shown 
in Fig. 5.6(e), the Fermi level edge appears at 21.22 eV (K.E) or Zero (B.E) in excellent 
agreement with the excitation energy of He-I line (21.22 eV excitation energy). The work 
function of PVDF and PVDF- ZnSnO3 materials are 2.52 and 4.02 eV respectively, which are 
derived from the intersection of the shoulder extrapolation and extrapolated background. It is 
also observed from the UPS spectra that the density of states (DOS) of PVDF-ZnSnO3 is higher 
than PVDF that could be correlated with the higher surface charge density and hence 
enhancement in the triboelectric charge density of PVDF-ZnSnO3 membranes.  
 
Fig. 5.6 Wide Energy Survey Spectrum (WESS) of pristine PVDF and PVDF-ZnSnO3 
membranes, (b) variation in the C1s core level spectrum, (c) Zn 2p core-level spectra and 
(d) Sn 3d core-level spectra are confirming the presence of ZnSnO3 in PVDF-ZnSnO3 
membranes. (e) He-I UPS spectra of pristine PVDF, PVDF-ZnSnO3 and reference Ag film. 
5.3.2 Electrical Characterisation of TENGs 
By using the Instron 8872 fatigue testing system, the output voltage of pristine PVDF/PA6 and 
PVDF-ZnSnO3/PA6 TENGs with three different spacer distances (5 mm, 10 mm, and 15 mm) 
at a fixed driving frequency (3 Hz) are shown in Fig. 5.7(a&b). At the same working frequency, 
with the increase in the spacer between the two substrates, the force value detected by the sensor 
at the precise moment of contact between the two layers also increases. It can be clearly observed 
that the magnitude of the output voltage increases almost linearly as a function of the applied 
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force (spacing). In fact, at 140 N/5 mm gap spacing, the Voc detected from the PVDF-ZnSnO3 
TENG (242 V) was nearly 2.5 times higher than the pristine PVDF TENG (90 V). This 
increasing trend continues across the force, spacing variables with a maximum voltage value of 
254 V and 378 V for the PVDF TENG and PVDF-ZnSnO3 TENG, respectively (Fig. 5.7(c)). It 
should be mentioned that while both the Voc and short-circuit current (Isc) are dependent on the 
triboelectric charge density (σ) and constitute as vital parameters to understand the behaviour of 
the TENG; Voc is affected by the effective surface charge density (σ) and some controllable 
effects, such as spacer distance (d), whereas the Isc is further dependent on the contact speed as 
well.32,33 Thus, for assessing the device characteristics, it is often easier to compare the Voc 
values, especially if the other test parameters such as contact speed cannot be fully controlled.  
 
Fig. 5.7 Open circuit voltage (Voc) values of the TENGs to a 3Hz working frequency with 
three different spacer values and impact force for (a) PVDF/PA6 TENG and (b) PVDF-
ZnSnO3/PA6 TENG. 
By looking at the current density values given in Fig. 5.8(a), it is obvious that the peak current 
output for PVDF-ZnSnO3 TENG seems relatively unstable. At the working condition of 140 
N/5 mm, the PVDF and PVDF-ZnSnO3 TENGs produced a peak current (peak current densities) 
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of 1.3 µA (0.23 mA.m-2) and 4.6 µA (0.80 mA.m-2), respectively, corresponding to a charge 
density of ~10 µC.m-2 and ~17.6 µC.m-2. The values obtained from these systems are very 
similar to those obtained from the nanostructured PVDF-PA6 system.34 The rather unstable 
values obtained for the transitionary values of 290 N/10 mm can be explained by invoking the 
stress-induced polarisation effects in ZnSnO3 nanocubes. It has been reported previously for 
ZnSnO3 based piezo/triboelectric systems, below a certain stress/strain threshold, no significant 
enhancement in the electrical output was observed. However, once this value was exceeded, the 
higher stress values being applied to the system and hence to the ZnSnO3 nanocubes embedded 
inside the PVDF matrix, which results in the generation of stronger piezoelectric potential and 
higher surface charge density.11,35 Indeed, at still higher stress values of 489 N, the stress-
induced alignment ensures that much more stable current output is obtained for PVDF-ZnSnO3 
TENG. In fact, the respective values for PVDF and PVDF-ZnSnO3 TENGs were 5.5 µA (55.2 
µC.m-2) and 15.2 µA (62.0 µC.m-2), respectively corresponding to a current density of 0.91 
mA.m-2 and 2.7 mA.m-2, respectively. Thus, under constant working conditions, the output 
performance of parameters Voc, Isc and charge density of PVDF-ZnSnO3 TENG are all 
significantly better than the pristine PVDF TENG, indicating that the incorporation of ZnSnO3 
in PVDF matrix contributed to the improvement of the output performance of TENG. 
 
Fig. 5.8 Differences between the short-circuit current values for (a) PVDF/PA6 TENG and 
(b) PVDF-ZnSnO3/PA6 TENG. 
The output performance of PVDF-ZnSnO3 TENG was measured under 1-7 Hz working 
frequency with a interval of 1 Hz (shown in Fig. 5.9a) to study the influence of working 
frequency. It should be mentioned that the applied force increased as a function of the frequency 
and increased from 90 N for 1 Hz frequency to nearly 730 N for 7 Hz frequency, as measured 
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by the force sensor which monitored the impact when two layers of materials contacted each 
other. It is obvious that the output values are directly proportional to the frequency (impact 
force) wherein the Voc increased from ~40 V to over 275 V with the corresponding Isc values 
of ~0.5 μA to ~7 μA, corresponding to a charge density of ~18 μC.m-2.  
Similarly, the electrical output from PVDF-ZnSnO3 TENG was measured at a fixed frequency 
(3 Hz) while changing the spacer distance between them from zero to nearly 20 mm. The test 
with zero spacer distance between the contact layers is to clarify whether the piezoelectric effect 
is responsible for the power generation or not as the force is directly applied to the sample with 
no triboelectric effect. Although small gaps between the two membranes and elastic properties 
of the membranes (Fig. 5.9b inset ii) may contribute to the triboelectrification effect, the output 
of the generator is primarily from the piezoelectric effect. Due to the low piezoelectric output 
of ~3 V (inset i), the triboelectrification effect plays a key during the harvesting process.  
 
Fig. 5.9 (a) Measured Voc of the PVDF-ZnSnO3/PA6 TENGs at frequency range from 1 Hz 
to 7 Hz with the corresponding applied pressure and a fixed space distance of 10 mm, (b) 
effect of spacer distance on the VOC values of the PVDF-ZnSnO3 TENG with the inset 
showing (i) the waveform and (ii) the change of interface of the membranes when external 
force applied on the TENG without any spacer (3 Hz). 
Theoretically, the electric output from TENG should only be visible in the process when two 
dissimilar dielectric materials either start to approach or separate from each other, while the 
piezoelectric effect should be observable when a complete contact of the two layers is achieved 
and mechanical stress is applied consequently. As shown in Fig. 5.9(b), when the spacer between 
the two tribo-layers of the PVDF-ZnSnO3 TENG was completely removed, the output voltage 
was reduced drastically; however, a weak signal of approximately 3 V was still observed due to 
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the deformation of the surface microstructure and the piezoelectric nature of the composite 
contact layer.  
It is worth mentioning that, the prior electric results were tested by using an Instron 8872 fatigue 
testing system, whose instantaneous contact force measured by the sensor can be dramatically 
influenced by the spacer distance and as such cannot be controlled precisely. Furthermore, by 
modulating the spacing between the dielectric layers to 20 mm, the PVDF-ZnSnO3/PA6 TENG 
can provide a Vp-p of nearly 1,200 V. It can be clearly observed from Fig. 5.10(a) that the Voc is 
also proportional to the force applied on the TENG. Thus, both the variation of working 
frequency and spacer distance illustrate that the electric output of PVDF-ZnSnO3 TENG device 
is strongly dependent on the impact force used to drive the TENG. As it is shown in Fig. 5.10(b), 
the voltage amplitude grows with the increase of load resistance attribute to the voltage divider 
rule, while the current values show an opposite trend due to the Ohmic losses. The instantaneous 
peak power (P=I⨉V) is maximised at a load resistance of ~50 MΩ, corresponding to a peak 
power density of ~0.47 mW.m-2. 
 
Fig. 5.10 (a) Output voltage vs. Force curve for PVDF-ZnSnO3/PA6 TENG. (b) the Power 
density vs load curve, and (inset) the capacitor voltages on the 1μF capacitor charged by 
hand pressing. 
A more systematic electric output test (shown in Fig. 5.11) was carried out by utilising a 
dynamic fatigue tester system (Popwil Model YPS-1). As shown in Fig. 5.11(a&b), the output 
parameters (Voc and Jsc) have a similar trend of increase as a function of the impact forces. On 
the other hand, to achieve an optimal magnitude of voltage output and transferred charge 
density, by observing Fig. 5.11(c&d), the ideal working frequency of the fabricated TENG 
device are in the range from 3 Hz to 9 Hz. It needs to be mentioned that the amount of the 
transferred charge density calculated from the measured Isc pulses, shown in Fig. 5.11(b), 
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doubled along with the rise of impact force, from ~100 µC.m-2 to ~206 µC.m-2. In comparison, 
when the impact force was fixed, the device could provide a relatively stable transferred current 
density (~160 µC.m-2) in the valid operation frequency range from 1 Hz to 9 Hz. Thus, the 
obviously higher piezoelectric response and stress-induced polarisation of the PVDF-ZnSnO3 
membranes, which was confirmed by the results of PFM scans, plays an important role in 
improving the transferred surface charge density, and hence the enhancement of the output 
performance of the PVDF-ZnSnO3 composite membrane based TENGs.  
 
Fig. 5.11 Measured (a) Voc and (b) current/charge density of PVDF-ZnSnO3 TENG 
operated at 5 Hz frequency and 5 mm spacer distance with four different impact forces. 
Measured (c) Voc and (d) current/charge density of PVDF-ZnSnO3 TENG operated at 50 
N impact force and 5mm spacer distance with the working frequencies from 1-13 Hz. 
5.3.3 Application 
It is widely recognized that both PVDF and ZnSnO3 show strong piezoelectric response and 
thus have been employed previously for energy harvesting applications. The PVDF-ZnSnO3 
membrane-based TENG was further utilised as an energy harvesting device to directly drive 
over 40 LEDs in series without prestorage of the charge. For this, the contact-separation process 
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of TENG (2 cm spacer distance) was driven by a repetitive compressive force applied by hand. 
The LEDs could be turned on easily (Fig. 5.12a&b) by manual operation of the device. 
Furthermore, it was observed that full brightness could be achieved (Fig. 5.12c) using a 1 μF 
capacitor which was charged up by repeated pressing of the TENG, in which the voltage 
developed across the capacitor was dependent on the number of the generation cycle (see Fig. 
5.12c).  
 
Fig. 5.12 (a) Circuit schematics for the direct actuation and incorporating a charge storage 
capacitor utilising the PVDF-ZnSnO3 TENG as energy harvesting element, (b) direct 
actuation of the LEDs obtained by hand pressings, (c) full brightness achieved for the 
LEDs via the discharge of the 1μF capacitor. 
5.3.4 The mechanism for high-performance of the PVDF-ZnSnO3 based TENG 
The mechanism of the output enhancement was investigated through two electric field mapping 
techniques, EFM and PFM, for both pristine PVDF and PVDF-ZnSnO3 composite membranes. 
In the two-step EFM mode, the topographic image was obtained during the main scan in the 
tapping mode. During interleave (lift) mode, the tip was raised above the sample surface, 
allowing the imaging of relatively weak but long-range electrostatic interactions while 
minimizing the influence of topography. 
The topography and the EFM frequency images of the pristine PVDF and PVDF-ZnSnO3 
membranes obtained at a lift height of z = 160 nm, which are shown in Fig. 5.13(a&b) and Fig. 
5.13(c&d), respectively. The sample root means square (r.m.s) roughness observed from 
topography images was 61 nm and 78 nm for PVDF and PVDF-ZnSnO3 membranes, 
respectively. In EFM, the AFM cantilever scans the surface morphology, followed by a retrace 
of the trajectory with its resonance frequency 𝑓𝑓0 at a fixed height (lift height, 𝑧𝑧). In the second 
scan (lift mode), the electrostatic force gradient can be reflected by the cantilever frequency 
shift, ∆𝑓𝑓, with respect to its resonance frequency,𝑓𝑓0, 28–30 
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∆𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓0 = − 𝑓𝑓04𝑘𝑘 𝜕𝜕2𝑆𝑆𝜕𝜕𝑧𝑧2 �(𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑉𝑉𝑠𝑠)2 + 2𝑉𝑉𝑄𝑄(𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑉𝑉𝑠𝑠) + 𝑉𝑉𝑄𝑄2� (5.3) 
where 𝑘𝑘 is the spring constant of the AFM cantilever, C is the capacitance between the tip and 
the sample, 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is the bias applied to the tip with respect to the sample, 𝑉𝑉𝑠𝑠 the surface potential 
and 𝑉𝑉𝑄𝑄 the additional surface potential proportional to the stored surface charge 𝑄𝑄𝑘𝑘. The sample 
was grounded, and a bias of 0.5 V was applied to the conducting AFM probe during the lift 
mode (lift height used of 160 nm).  
 
Fig. 5.13 Topography images of (a) pristine PVDF and (b) PVDF-ZnSnO3 membranes, 
respectively, EFM frequency mapping of (c) pristine PVDF and (d) PVDF-ZnSnO3 
membranes are showing electric field gradient distribution in the samples.  
The frequency shift obtained from the EFM measurements can be related to the surface charge 
present on the sample. The higher the frequency shift, the greater the surface charge quantity 
presents on the sample. As the tip-sample separation (or lift height, z) increases, Δf decreases 
due to the weaker electrostatic force gradient in the vertical direction shown in Fig. 5.5(e&f). 
Due to the highly inhomogeneous nature of the membranes, the quantification of electric charge 
is challenging. Nevertheless, qualitatively, from the EFM contrast, it can be confirmed that a 
stronger electrostatic signal is detected in the case of PVDF-ZnSnO3 composite sample as 
compared to pristine PVDF one. The enhanced charge density of PVDF membranes by ZnSnO3 
led the boost of the afterwards measured electrical output performance. 
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Fig. 5.14 Plots of experimental data for the variation of frequency shift with lift height z 
on (a) pristine PVDF and (b) PVDF-ZnSnO3 membranes captured during the EFM 
measurements. 
From previous studies carried out by Gomes et al. 27, it has been established that the piezo- and 
ferroelectric behaviour of PVDF depends on the crystalline β-phase content and the saturation 
polarization increases with an increase in the ferroelectric β-phase content in the sample. The 
PVDF-ZnSnO3 membranes with higher β-phase content should display higher polarization and 
as such should possess larger triboelectric charge density for acquiring the electrons from the 
PA6 membrane. Since all the membranes were used to produce the vertical contact mode 
TENGs, it is necessary to consider that magnitude of d33 values detected from the samples as 
the key factor. 
As it is known that for measuring the d33 piezoelectric coefficient, a cantilever structure is 
usually performed to induce a vertical deflection and calculate the overall d33 piezoelectric 
coefficient of the device. This method is also particularly suitable for measuring the d33 
piezoelectric coefficient distribution in the composite. For determining the piezoelectric 
response of pristine PVDF and PVDF-ZnSnO3 composite membranes, a Bruker Icon AFM 
(Santa Barbara, CA) system in a PFM mode was used directly to measure the piezoelectric 
constant. PFM amplitudes and phase images of pristine PVDF and PVDF-ZnSnO3 membranes 
are shown in Fig. 5.15(a&b) and Fig. 5.15(c&d), respectively. The amplitude of the detected 
piezoelectric signal is related to the piezoelectric coefficient (electromechanical coupling) of the 
samples, while the phase of the signal can reflect the polarization direction or orientations. Thus, 
it is evident that the piezo-response contrast (both amplitude and phase signal) is pronounced 
for PVDF-ZnSnO3 membrane sample as compared to the pristine PVDF sample. The vertical 
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piezo-response was calibrated using deflection sensitivity of the AFM cantilever tip obtained 
from the force-displacement curve. 
The local piezo-response was measured at least ten different arbitrary locations on each sample. 
The vertical piezo-response was calibrated using deflection sensitivity of the AFM cantilever 
tip obtained from the force-displacement curve. The d33 measurement procedure is described 
below:  
d33 (nm/V) = Amplitude (in V) * deflection sensitivity (nm/V) / (vertical deflection gain (16) * 
Applied AC Bias) 
Due to the variety of the amplitude, an average value of amplitude signal on 10 different 
locations of one sample was used here. Substituting the values of deflection sensitivity: 109 
nm/V, vertical deflection gain: 16×, the estimated d33 is given in Table 5.1. 
Table 5.1 d33 values of pristine PVDF and PVDF-ZnSnO3 membranes 
Sample PFM amplitude (V) Applied bias (V) d33 (pm.V-1) 
PVDF 0.039 5 52.4 
PVDF-ZnSnO3 0.112 10 76.3 
It can be observed from Table 5.1 that the calculated piezoelectric coefficient is 76.3 pm.V-1 for 
the pristine PVDF membranes, while that for the PVDF-ZnSnO3 membrane is 52.4 pm.V−1, thus 
showing a significant increase in the piezoelectric coefficient. This enhanced piezoelectric effect  
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Fig. 5.15 PFM amplitude images (a & b) and  phase images (c & d) of pristine PVDF and 
PVDF-ZnSnO3 composite membranes, respectively. 
5.4 Summary 
In conclusion, a high-performance PVDF-ZnSnO3/PA6 system based TENG was proposed in 
this work. The improvement of the output performance was realised by the materials 
optimization, the combination of triboelectric, and stress-induced polarization effects. For the 
PVDF-ZnSnO3 TENG, compared with the pristine PVDF based TENG, the enhanced 
polarisation of the PVDF-ZnSnO3 composite membranes leads to a significant increase in the 
power output wherein the Voc and Jsc values were enhanced by approximately 70% and 200% 
from ~300 V to ~520 V and from ~0.91 mA.m-2 to ~2.7 mA.m-2, respectively when subjected 
to a 489N/3Hz impact frequency. Compared with the pristine PVDF based TENG, the increase 
in the electrical output of PVDF-ZnSnO3 TENG was partly attributed to the enhanced by stress-
induced polarization of PVDF-ZnSnO3 membranes (d33 value of 76.3 pm.V-1 vs. 52.4 pm.V-1 
for pristine PVDF) which led to the growth of the transferred surface charge density from 110 
μC.m-2 to 206 μC.m-2 along with the increased contact force from 20 N to 80 N.   
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6 HIGH SURFACE AREA 
MATERIAL: ELECTROSPUN 
PTFE MEMBRANE BASED 
TENG 
6.1 Motivation 
Polytetrafluoroethylene (PTFE), as one of the most tribo-negative materials listed in the 
triboelectric series, has been widely utilised in the area of TENGs for both energy harvesting 
and sensing.1–5 PTFE has a helical chain conformation caused by the strong repellence amongst 
the fluorine atoms, thus providing the carbon backbone chain with uniform distribution of the 
most electronegative elements which leads to a high tendency of attracting electrons, and it is 
inert to nearly all chemicals. Owing to the unique properties of high chemical resistance and 
thermal stability,6,7 most of the reported researches have focused on the direct use of commercial 
PTFE thin-films either without any surface treatment5 or being treated by complex reactive-ion 
etching (RIE) technique to create surfaces with regular/irregular micro/nanostructures.8,9,1,10 The 
microstructured surface increases the effective surface area, which in turn increases the effective 
surface charge density, and hence enhances the power output of the TENGs.11–14 However, the 
use of dry etching process to create PTFE thin-films with micro/nanostructured surface is 
expensive and requires complex equipment, which makes the TENGs lose the advantages/merits 
of low-cost materials and facile fabrication/processing techniques etc. On the other hand, the 
use of flat PTFE films for TENGs did not produce high-performance TENGs due to the small 
surface-to-bulk ratio. Thus it is reasonable to search for alternatives to produce PTFE films with 
high porosity for the fabrication of high-performance TENGs. 
In comparison, electrospinning is an extremely simple and broadly used technique which is 
capable of producing fibrous nanomaterials with intrinsically high porosity and large surface 
areas.15 However, there have been no reports on the use of electrospun (ES) PTFE for the 
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fabrication of TENG devices, possibly because the fabrication of electrospun PTFE nanofibers 
is much more challenging owing to its high chemical resistance,  thermal stability and high 
melting viscosity (109 to 1011 P melt viscosity at 380 °C for Mw=2 × 106).16 In other words, it 
is nearly impossible to obtain the pristine PTFE solution for electrospinning directly. Moreover, 
since the PTFE does not show any branching behaviour and no chain entanglement, the PTFE 
chemicals with exceptionally high molecular weight (Mw) up to 10,000,000 g.mol-1 are required 
normally to achieve films with sufficient mechanical strength.17,18 For such high Mw chemicals, 
the viscosity of the corresponding melt is too high to be processed via the melt electrospinning 
method. In this work, a feasible environment-friendly method, called as the emulsion 
electrospinning, is proposed to overcome the challenges of producing PTFE nanofibrous 
membranes.19–22   
In previous research, the dispersion of PTFE particles in water stabilised by wetting agents was 
used along with a blend of water-soluble polymer for the preparation of the PTFE fibrous 
membranes.19,23 Xiong et al. 24 and Zhou et al.25, have utilised polyvinyl alcohol (PVA) as the 
carrier material to produce PTFE/PVA composite fibres which were further sintered to obtain 
PTFE nanofibres. Similarly, Feng et al.19 have utilised polyethene oxide (PEO) as the carrier 
material to obtain PTFE nanofibres from intermediate PTFE/PEO fibres. In this work, PEO is 
used as the carrier material to synthesize PTFE nanofibres, and it is then paired  with the 
polyamide-6 (PA6) membranes prepared by the phase inversion process to make TENG devices. 
Since the PTFE nanofibrous membrane has extremely high surface area besides its extremely 
high tribo-negative property, it is reasonable to expect the application of such facile but effective 
technique could lead to greatly enhanced performance for the PTFE based TENGs.  
6.2 Experiments 
6.2.1 Materials 
The aqueous dispersion of PTFE (62 wt%) was purchased from Dongguan Jin Ming plastic raw 
material Co. Ltd. (China), with an average PTFE particle size of 80 nm. The values (at 25 oC) 
of kinematic viscosity, density and pH value of the PTFE dispersion are in the ranges of 6-14 
mm2.s-1, 1.48-1.53 g.cm-3 and 8-10, respectively. Polyethene oxide (PEO, WAR-205) with a 
molecular weight (Mw) of approximately 600,000 g.mol-1 was obtained from BDH Chemicals. 
Polyamide-6 (TECHNYL 1011 R) was obtained from Rhodia Ltd.  
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6.2.2 Emulsion Electrospinning of PTFE membranes 
Electrospinning of composite PEO-PTFE membranes was carried out in a home-built 
electrospinning setup incorporating a high voltage DC supply (Spellman RHR20PN30 Medium 
Power HV, 0-20 kV), a syringe pump (Aladdin Infusion Pump AL300-220) and a stainless-steel 
mesh as the collector. All the electrospinning processing runs were performed at an applied 
voltage of 15 kV, collection distance of ~15 cm and a solution flow rate of 0.5 mL.h-1 with a 
deposition time of 20 min.  
The as-obtained electrospun PEO-PTFE membranes were further sintered to obtain pristine 
PTFE membranes. The sintering process was carried out in a high-temperature tube furnace 
(ELITE TSH12/100/750-2216) in a flowing nitrogen atmosphere at various temperatures (350, 
360 and 370 °C) for 15 min after which the furnace was gradually reduced to the room 
temperature (~20 °C) in 8 hr in a pure N2 atmosphere. The PTFE membranes before and after 
sintered at various temperatures are shown in Fig. 6.1. All the electrospinning procedures were 
performed at an applied voltage of 15 kV, collection distance of ~15 cm and a solution flow rate 
of 0.5 mL.h-1 with a deposition time of 20 min. 
 
Fig. 6.1 Photograph image of the electrospun PTFE/PEO fibre membrane (i) without 
sintering and sintered at a temperature of (ii) 350 oC (iii) 360 oC (iv) 370 oC. 
6.2.3 Fabrication of TENGs for Testing 
The physical structure of the contact-mode TENG shown in §5.2 was used in this work. The 
PA6 membrane was prepared using a phase inversion process wherein the 20 wt% dope solution 
was prepared using formic acid by continuously stirring at approximately 70 °C for three hours. 
Further details on the spin-coating process and quenching temperature can be found in §3.1.2. 
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The surface and cross-sectional morphology of the membrane is shown in Fig. 6.2, displaying 
high porosity of the PA6 membrane used in this work. The obtained PA6 membranes were 
attached to the acrylic sheet using a conductive adhesive aluminium tape electrode. For the 
bottom contact layer, the porous electrospun PTFE membranes were again attached using 
conductive aluminium tape. Two square acrylic sheets of 3 cm × 3 cm were used as the support 
substrate, and each of the membranes with an effective area of 2 cm × 2 cm, which was fixed at 
their centres.  
6.2.4 Material and TENG Characterisation Setup 
A Hitachi S3400N scanning electron microscope (SEM) was used to observe the surface of 
PTFE, PA6 membranes and nanofiber morphology. Differential scanning calorimeter (DSC) 
was used to investigate the crystallinity as well as the presence of PEO in the PTFE membranes 
using a TA Instruments DSC Q2000. The samples, approximate weight of 2 mg, were heated at 
10 °C.min-1 from 0 to 350 °C under 50 ml.min-1 N2 flow. The thermogravimetric analysis of the 
samples was carried out in the range of 25-700 °C at a ramp rate of 10 °C.min-1 in a nitrogen 
atmosphere, using the simultaneous DTA-TGA DT 2960. The FTIR spectra of samples were 
obtained with a Thermo Scientific IS10 Nicolet at a nominal resolution of ±1 cm-1 for a total of 
128 scans and the data obtained was analysed using the vendor-provided software, OMINIC. X-
ray photoelectron spectroscopy (XPS) data were obtained on an AXIS Nova Spectrometer 
(Kratos Analytical Ltd., UK) utilising a monochromatic Al Kα X-ray source (excitation energy 
of 1486.6 eV). For binding energy calibration, the signal was calibrated to the F-C-F peak in the 
high-resolution C1s spectra at 292.8 eV or the F1s signal at 689 eV.  
The spatial distribution of charges in the PTFE and PA6 membranes was investigated using the 
electric force microscopy (EFM). EFM experiments were performed at ambient conditions using 
an MFP3D-Atomic Force Microscope (Asylum Research, Santa Barbara, CA, USA). In the two-
step EFM mode, the topographic image was obtained during the main scan in the tapping mode. 
During interleave (lift) mode, the probe was raised above the sample surface, allowing the 
imaging of relatively weak but long-range electrostatic interactions while minimising the 
influence of topography. For the EFM imaging, an electrically conducting Pt/Ir coated Si probe 
was used with a resonance frequency of 70 kHz and spring constant of 2 N.m-1. The electrical 
measurements of the assembled TENG devices were carried out using a combination of dynamic 
fatigue tester system (Popwil Model YPS-1), an oscilloscope (Tektronix MDO3022), and a pico-
ammeter (Keysight B2981A).  
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6.3 Results and discussion 
6.3.1 Optimisation of PTFE:PEO Emulsion ratio  
As discussed earlier, direct electrospinning of PTFE is inherently difficult due to its high 
chemical inertness and resistance6,7 and high melt viscosity, which inhibits the use of melt 
electrospinning technique. Thus, techniques such as co-axial26 and emulsion electrospinning6,25 
have been developed to prepare PTFE nanofiber membranes. Previously, Xiao et al.24 have 
utilised a blend of PVA and PTFE for electrospinning, followed by a sintering process to obtain 
PTFE nanofibers. However, it was observed that the high percentage of PVA (~30 wt%) led to 
poor tensile properties of the ensuing PTFE nanofibers. It is known that to obtain high-quality 
continuous nanofiber structure from un-spinnable polymers such as PTFE, the concentration 
ratio of sacrificial carrier to polymer needs to be tuned carefully.24 At low concentrations of the 
carrier polymer, no continuous nanofiber structures can be obtained, whereas high 
concentrations lead to poor mechanical properties.19 Thus, an optimal value of carrier 
concentration is required where continuity of the fibres is maintained, and yet the carrier 
polymer can be eliminated during the subsequent sintering process. In this work, the 
electrospinning emulsions were prepared at various different weight ratios of PEO:PTFE with 
complete details provided in Table 6.1.  
Table 6.1 Preparation and composition of electrospinning solutions 
PEO 
(g) 
Deionized Water 
(ml) 
62 wt% PTFE 
(g) 
PEO/PTFE 
(wt/wt) 
0.29 4.37 9.68 0.04 
0.42 3.88 9.68 0.07 
0.56 3.74 9.68 0.09 
0.55 2.45 7.00 0.12 
 
The fibrous membranes collected from these four ratios of PEO/PTFE blends show a significant 
difference in fibre morphology. At the lowest weight ratio of 0.04, no significant fibre structure 
could be observed, and the deposited film was full of beads (2±1 μm diameter sphere) with an 
only trace amount of fibre connections amongst them as shown in Fig. 6.2(a). Such morphology 
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can be attributed to the small quantities of PEO which are insufficient for binding the PTFE 
particles together to form a continuous structure.  
Based on the previous research, it is known that with the percentage increase in the carrier, the 
bead-like structures can be reduced or even completely eliminated.19,25 By observing Fig. 6.2(a), 
unobservable fibre connections can be traced by mixing with 0.04% carrier. Upon increasing 
the amount of PEO in the mixture to a weight ratio of 0.07 and eventually to 0.09 (Fig. 6.2b&c), 
the PTFE/PEO fibres transform from bead-like structure to more fibrous structures, with fibre 
diameters of 700±200 nm and 900±200 nm respectively. In fact, the bead-like structures are 
fully eliminated with the fibrous structure becoming continuous and uniform when the 
PEO/PTFE ratio is increased to 0.12 (Fig. 6.2d), resulting in average fibre diameter of 1100±200 
nm. It should be noted that the PEO/PTFE ratio of 0.12 is significantly lower than that reported 
by Xiao et al. (0.42, PVA/PTFE) and then makes it easier to remove the carrier polymer to 
obtain high-purity PTFE fibres with superior mechanical properties.24 However, as compared to 
the recent report by Feng et al. , the optimal ratio was determined to be nearly four times higher 
which could be due to various factors including PEO solution concentration (18 wt%), Mw of 
PEO, and variation of electrospinning equipment and parameters.19 
 
Fig. 6.2 SEM images of the electrospun PEO/PTFE composite fibres at different 
PEO:PTFE weight ratios of (a) 0.04, (b) 0.07, (c) 0.09 and (d) 0.12. 
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Subsequently, to eliminate the PEO phase and synthesis the PTFE fibres, the ES PTFE/PEO 
composite membranes were subjected to a sintering process at a fixed heating rate of 10 °C.min-
1 from room temperature to the first target temperature of 350 °C according to results of the 
DSC and TGA analysis shown subsequent sections. It can be observed from SEM images shown 
in Fig. 6.3(a&b) that the PTFE particles are embedded uniformly in the PEO matrix. Upon 
heating to 350 °C, a significant difference in the microstructure of the PTFE/PEO fibres could 
be observed, wherein the PTFE particles seem to have melted and fused together, giving rise to 
groove like structures across the length and diameter of the fibres (Fig. 6.3b). At a still higher 
sintering temperature of 370 °C, the transverse groove-like structures could still be observed 
across the fibres with an apparently smoother surface. Moreover, interconnections between the 
fibres caused due to the melting and reforming of the structure could also be observed. However, 
due to fibre shrinkage occurring during the sintering process, a significant difference in the 
resulting film thickness can be observed. Upon sintering, the thickness of PEO/PTFE composite 
membranes is dramatically reduced from ~80 μm to ~15 μm at 350 °C (see the cross-sectional 
images prior and post-sintering of Fig. 6.3a&c), while an increase in the sintering temperature 
from 350 to 370 °C does not cause any appreciable change in the overall thickness of the film 
(Fig. 6.3c&e). 
 
Fig. 6.3 Fibre cross-section SEM images of a PEO/PTFE composite membrane (a) before 
and after sintering process at (c) 350 °C and (e) 370 °C, and surface morphologies of a 
pristine ES PTFE/PEO electrospun samples (b) before and after sintering process at (d) 
350 °C and (f) 370 °C, respectively. 
Chapter 6 High surface area material: Electrospun PTFE membrane based TENG 
      Pengfei Zhao – Feb 2020                                                                  125 
6.3.2 Material Characterisation 
In the FTIR spectrum of PTFE (shown in Fig. 6.4), the most prominent peaks are observed at 
~1201 cm-1 and 1145 cm-1, originating from the C-F bonds of PTFE.27 In contrast, the infrared 
spectrum of PEO is much more complex with bands at around 1341 cm-1 and 1467 cm-1, 
corresponding to the vibration of the CH2 group, with further strong bands observed at 1093 and 
960 cm-1, ascribed to the asymmetric CO stretching vibration.28 In the region, around 2880 cm-
1, the strong band from PEO is attributed to the symmetric and asymmetric CH stretching.29 
Now, comparing the pristine ES PTFE/PEO and the samples sintered at various temperatures 
(350, 360 and 370 °C), no bands from PEO (PEO band positions marked as * in Fig. 6.4) could 
be observed, indicating the removal of PEO from the composite fibres. 
 
Fig. 6.4 FTIR absorption spectrum of samples including pristine PEO, PTFE and ES 
PTFE/PEO, before and after sintering at various temperatures. 
6.3.3 Thermogravimetric analysis  
The sintering temperature and process are key to the formation of phase-pure PTFE nanofibers 
by eliminating the carrier PEO. Thus, a TGA analysis of the pristine PEO and as-prepared ES 
PTFE/PEO samples are initially carried out to assess a proper sintering temperature range. For 
the pristine PEO, the TGA thermogram and its differential (DTG) curve revealed that the single 
mass-loss step occurs in the range of 320 °C  to 450 °C, with an onset temperature of ∼350 °C 
and a residual weight of less than 4% at 600 °C. For the composite ES PTFE/PEO (0.12 ratio) 
sample, the thermogram shows an expected two-step mass loss, corresponding to the 
decomposition of PEO and PTFE phases, respectively. While the onset temperature of the PEO 
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phase in the composite film is similar, the peak weight-loss temperature for the PEO in the 
component is lower (∼385 °C), as compared to the pristine PEO powder (∼405 °C), which can 
arise due to the interfacial effects between the PTFE and PEO components.19 The second mass 
loss step occurs in the range of 475−605 °C, corresponding to the decomposition of PTFE, with 
an onset temperature of ∼500 °C. Since the PTFE phase needs to be kept from decomposition 
during the sintering process, the upper limit of sintering temperature needs to be set as 475 °C, 
where the PTFE phase starts to be broken down by the heat. 
 
Fig. 6.5 TGA and DTG plots for pristine PEO and un-sintered ES PTFE/PEO composite 
fibre electrospinning samples. 
6.3.4 Differential Scanning Calorimetry  
The lower limit of the sintering temperature depends on the decomposition temperature (which 
was determined as ∼385 °C through TGA results) of PEO phase and the melting temperature 
(TM) of the PTFE phase. Thus, it is reasonable to consider the DSC melting curves for the 
pristine ES PTFE/PEO sample shown in Fig. 6.6; two melting peaks are observed in the range 
of 40 °C to 60 °C (TM_PEO=38.6 °C) and 310 °C to 330 °C (TM_PTFE=314.6 °C), corresponding 
to the melting of PEO and PTFE phases, respectively. Looking at these results in combination 
with the TGA results, it can be safely assumed that above sintering temperatures of 350 °C the 
PEO will start to decompose while the DSC curve indicates that the PTFE will be in a molten 
state. Thus, 350 °C was considered as the lower limit of the sintering temperature range. 
Similarly, the PTFE component of the composite (which is in the molten state above its TM) is 
stable up to ∼450 °C, beyond which its degradation begins and as such represents the higher 
sintering temperature threshold. Therefore, the sintering temperature range is concurred to be in 
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the range of 350 °C to 450 °C, wherein the PEO would have decomposed while the molten 
PTFE particles could have fused together to form a continuous structure. 
The removal of PEO from the composite fibres can also be preliminarily confirmed by observing 
the DSC plots wherein no PEO melting peaks were observed for sintered samples (Fig. 6.6). 
PTFE is a highly crystalline polymer as evident by the relatively high crystallinity value (ΔXc) 
of nearly 82.6% for the as-deposited PTFE/PEO composites. Upon sintering, a reduction in the 
ΔXc was observed with a value of nearly 62.5% for the samples sintered at 350 °C, 58.0% for 
samples sintered at 360 °C, and a value of 59.7% for samples sintered at 370 °C. This reduction 
in the crystallinity upon sintering is attributed to the melting and recrystallization of PTFE 
during the sintering process and has been observed previously by Feng et al. as well.19 The 
sintered PTFE nanofibers also exhibit an extensive crystalline transition at ∼20 °C due to a 
transformation of the phase II helix crystal structure (below 20 °C) first to the phase IV 
hexagonal crystal structure (above 20 °C) and then to the phase I hexagonal crystal structure 
(beyond 25 °C).30 Interestingly, the phase transition at ~20 °C was not observed for the 
composite films and only appeared for the sintered films, hence indicative of the purity of the 
PTFE nanofibers upon sintering process. 
 
Fig. 6.6 DSC analysis of the un-sintered and sintered PTFE/PEO fibrous membranes. 
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6.3.5 Electrical Characterisation 
Considering the triboelectric series, PTFE is one of strongest tribo-negative materials due to the 
presence of significant quantities of electronegative fluorine in the structure, whereas the 
polyamide can readily provide the charge, which is then accepted by the PA6 and as such the 
system can provide a significantly high power output.34 As both the voltage and current outputs 
of the TENG are proportional to the surface triboelectric charge density, the resulting power 
output has a quadratic dependence on the surface charge density. As shown in Fig. 6.7(a&b), 
the TENG assembled using the PA6 membrane and sintered ES PTFE fibre membrane, under a 
contact force/frequency of 50 N/5 Hz, produces a Voc of ~40 V, with a short-circuit density peak 
of ~1.6 mA.m-2, corresponding to a charge density of 13.7 μCm-2. The values obtained here are 
very similar to those reported by Yang et al., in their work on triboelectric generators prepared 
using thin films of PTFE and PA6.35 However, it is observed that, for PTFE based TENGs, the 
negative charges were required to be introduced to the surface of the PTFE films in advance of 
the TENG fabrication processes to improve the electrical outputs. The negative charge 
introduction processes were either realised by a direct high-voltage resulting prior-charge 
injection36 or the side effect of the RIE process1,10,35,37 with relatively high equipment 
requirement.  Herein, a commercial anti-static gun (Zerostat 3, Milty) have been utilised to 
achieve the same effect through the direct disposition of the negative ions directly onto the ES 
PTFE surfaces.38 Through the judicious use of materials, surface nanostructuring and the further 
regain of the surface charges of PTFE layer, the power output of the TENGs can be further 
improved significantly.  
The working principle of the anti-static gun is based on the piezoelectric effect, which consists 
of ‘two-cycle’ operation. A compression trigger and two piezoelectric crystals are embedded 
inside the gun which generates positive ion flow when the trigger is squeezed and negative ion 
flow when the trigger is released.39–41 By repeating these squeezing-releasing operations, the 
positive and negative charges can be induced on the target surface. The anti-static gun has been 
used for deionization process or preventing electrostatic charge attracting dust onto critical 
samples/surfaces in the laboratories.40 
In Bharat’s research, the anti-static gun was utilised to deposit the negative charge on the surface 
of hydrophobic polystyrene to form a negatively charged surface.41 In this work, the negative 
ions were deposited on the assembled ES PTFE/Al layered structure at a vertical distance of ~2 
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Fig. 6.7 Electrical measurement results of the sintered ES PTFE/PA6 TENG, before and 
after ion-injection. The (a-i) open-circuit voltage (Voc) and (b-i) short-circuit current 
density (Jsc) measurements were carried out at an impact force of 50 N, a frequency of 5 
Hz and a spacer distance of 5 mm. The corresponding electrical pulses are shown in (c) & 
(d). 
cm (shown in the inset of Fig. 6.10a). It has been shown previously that during the release cycle, 
various ions including 𝑆𝑆𝑂𝑂3−, 𝑁𝑁𝑂𝑂3−, 𝑁𝑁𝑂𝑂2−, 𝑂𝑂3− and 𝑂𝑂2− are injected, making the surface negatively 
charged. In order to calculate the amount of negative charge injected onto the surface of the 
PTFE surface, the ES PTFE layer of the TENG was connected with a coulomb meter (PH0913-
N8) through the back-aluminium electrode. From the measurements, an overall charge density 
of ~150 μC.m-2 flowed from the ground to the back electrode of the membrane for each ion-
injection cycle and is indicative of the amount of charge deposited on the PTFE surface. This 
enhancement in the surface charge density was further confirmed using EFM analysis and is 
discussed later.  
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The electrical output measurements of the TENGs, which were carried out at the working 
condition of 50 N impact force, 5 Hz contact frequency and 5 mm spacer distance; before and 
after the ion-injection process are shown in Fig. 6.7(a&b). Prior to the ion-injection process, the 
maximum peak-to-peak voltage (Vp-p), current density and charge density were measured to be 
~77 V, ~1.6 mA.m-2 and ~13.5 μC.m-2, respectively. After the ion injection process, the 
corresponding values are dramatically increased to ~960 V, ~25 mA.m-2 and ~160 μC.m-2 (see 
insets Fig. 6.7a-ii, Fig. 6.7b-ii & Fig. 6.7c-d) which eventually stabilised to Vp-p value of ~900 
V, current density value of ~22 mA.m-2 and corresponding charge density of ~149 μC.m-2, 
nearly 12, 14 and 11 times higher than those of the pristine ES PTFE sample. However, with 
further charge-injection steps, there is no further electrical output enhancement can be observed 
during the subsequent charge injection process. Thus, it is reasonable to assume that, after the 
first-time ion-injection process, the charge on the surface of ES PTFE had already reached its 
maximum surface density value. This behaviour is significantly different from the one observed 
by Wang et al. in their work on charge injection in fluorinated ethylene propylene (FEP). In the 
case of the electret FEP, the presence of voids within the FEP structure allows for a significantly 
higher charge to be deposited onto the surface, unlike the electrospun PTFE membranes which 
do not show similar porosity.38 
The working mechanism of the dielectric-to-dielectric vertical contact-mode TENG is based on 
the triboelectrification effect induced electrostatic charges on the surface of dielectric layers.13 
When two different materials are brought into contact, a contact-charge exchange will occur to 
maintain the electrostatic equilibrium state on the interface. When a material (donor) contacts 
with the negatively charged surface, in order to achieve the electrostatic equilibrium state on the 
contact interface, it will tend to lose more electrons, which will lead a higher density of positive 
charge on the surface after separating. According to Niu. et al., the transferred charge of the 
TENGs are directly proportional to the surface charge density of the contact materials.13 Thus, 
the deposition of the negative charge on the surface of the material will dramatically increase 
the transferred surface charge density on both sides of the contact surfaces.  As the value of 
transferred charge density is enhanced via ion-injection, it causes the induced electric potential 
established between the two electrodes on the back of the triboelectric materials to increase to a 
higher level due to electrostatic induction, which leads to a higher output performance.  
The output measurement results for the ion-injected ES PTFE/PA6 TENG operated at various 
external forces from 20-80 N at fixed working conditions  (5 Hz contact frequency and 4 mm 
spacer distance ) are shown in Fig. 6.8(a&b). It can be clearly observed that even at relatively 
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low force (20 N) conditions, the ES PTFE/PA6 TENG provided an open-circuit voltage (Voc) 
and current density values of ~400 V and ~15 mA.m-2. With an increase in the impact force, 
both the electrical output parameters increase almost linearly as the function of applied impact 
forces.  
 
Fig. 6.8 Further measurements of Voc and current density measurements as a function of 
impact force on the ion-injected ES PTFE/PA6 TENG are shown in (a) and (b) 
respectively.  
After being treated with the similar ion-injection process, the output performance of the 
commercial flat PTFE film (FLOFILMTM 100 12.7 μm thickness) based TENG is significantly 
lower than the electrospun PTFE based one at the same working conditions (shown in Fig. 6.9). 
In particular, the charge density of the electrospun PTFE TENG (~149 μCm-2) is almost twice 
that of the flat PTFE film one (~85 μCm-2), which is attributed to the much higher effective 
surface area of the contact interface, even though the surface patterns of the PA6 surface and 
the electrospun PTFE surface were not fully geometrically matched yet. 
The output powers of the ion-injected ES PTFE/PA6 TENG at working condition of 50 N, 5 Hz 
impact frequency were measured by connecting the TENG to different load resistors (Fig. 
6.10a). The results displayed a classical behaviour for maximum transfer power, where the 
current amplitude drops with the increase of load resistance owing to the Ohmic losses. The 
peak power (P=I2 ×R) is maximised at a load resistance of 200 MΩ, corresponding to a 
maximum instantaneous power density of ~9 Wm-2.  
The stability of such ion-injected TENGs was further demonstrated by operating the produced 
ES PTFE/PA6 TENG for over 30,000 energy generation cycles at a working frequency of 5 Hz. 
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It can be observed from Fig. 6.10(b) that there is no attenuation of the Voc values within the 100- 
minute operation time, thus indicating that the ion-injection process is an effective practical  
 
Fig. 6.9 (a) Voc and (b) Jsc of the ion-injected commercial flat PTFE thin-film based TENG 
measured at the condition of 5 Hz working frequency, 5 mm spacer distance and varying 
impact forces. 
method for fabricating high-power output TENGs. In addition, the sintering process not only 
helps to eliminate the carrier but also lead much higher mechanical properties which can help 
sintered membranes based TENGs to maintain the surface structure under high-pressure 
compressions and provide a highly stable electrical output during the long-term resistance test.19 
It is necessary to mention that, in order to initialise the dynamic fatigue tester system, the ion-
injected PTFE membrane layer needs to be kept in contact with the PA6 membrane for several 
minutes for calibrating the impact position before the TENG electrical output test. Thus, the 
injected negative charges can stay stable on the surface of dielectric materials even after the 
PTFE layers keep contacting with another dielectric material with an opposite tribo-polarity. 
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Fig. 6.10 (a) Power density vs load resistance curve, showing a maximum output power of 
~9 Wm-2 at a load resistance of 200 MΩ; the inset (i) is the schematic of the ion-injection 
process, (b) stability of the ion-injected surface charge on the ES PTFE surface as 
measured via the operation of ion-injected ES PTFE/PA6 TENG for 30,000 energy 
generation cycles at a working frequency of 5 Hz. 
Apart from the deposition of negative-ion on the electrospun PTFE membrane surface, an 
additional positive ion-injection operation was applied to the positive tribo-material surface 
(PA6 membrane) to enhance the TENG output further. However, compared to the negative ion-
injection process on the PTFE surface, the effect of the positive ion-injection to PA6 surface on 
the output performance of the TENG is negligible. As shown in Fig. 6.11, the positive injection 
merely provided a negligible instant voltage output improvement (~10 V). Furthermore, the 
injected charge was highly unstable, wherein the injected charge was eliminated within the 
~200-second continuous operation.  
 
Fig. 6.11 Voltage output test after further positive ion-injection process applied on the PA6 
membrane surface when the electrospun PTFE membrane surface charge density reached 
its maximum value 
6.3.6 The mechanism for the output enhancement 
The outputs of the TENG are directly related to the surface tribo-charge of the contact materials. 
To investigate the stored charge on the surface of membranes in PTFE-PA6 TENG system, EFM 
experiments were performed at ambient conditions using an MFP3D-Atomic Force Microscope 
(Asylum Research, Santa Barbara, CA, USA). In the two-step EFM mode, the topographic 
image was obtained during the main scan in the tapping mode. During interleave (lift) mode, 
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the probe was raised above the sample surface, allowing the imaging of relatively weak but 
long-range electrostatic interactions while minimising the influence of topography. For the EFM 
imaging, an electrically conducting Pt/Ir coated Si probe with a resonance frequency of 70 kHz 
and a spring constant of 2 N.m-1 was employed.  
EFM operates in a typical “lift-mode” and is based on the fact that an oscillating cantilever is 
sensitive to long-range electrostatic force gradients. Variation in probe-sample capacitance (C) 
created by stored charges (Q) or surface charges in the sample is detected by a dual-pass 
measurement approach. During the first pass scan, the conductive probe in standard tapping 
mode measures topography. In a second “nap” pass, the topography data allows the probe to 
retrace the scan line at a constant height or a fixed height (lift height 𝑧𝑧) above the surface. 
Increasing the lift scan height or separating the probe and sample enhances sensitivity to long-
range electrostatic forces while maintaining constant height minimizes effects from other 
interactions such as van der Waals forces. During the nap pass, the cantilever is excited to its 
resonance frequency, and a DC voltage, VEFM is applied between the probe and the sample. If 
the surface of the sample is homogeneous and no electric charges trapped, the EFM signal is 
uniform and constant all over the surface. However, the presence of trapped or stored electric 
charges would shift the resonance frequency of the cantilever. The resulting changes in the 
amplitude and phase of the cantilever at the oscillation frequency are recorded in the EFM 
amplitude and phase channels. The use of phase measurement in EFM is a direct and fast way 
to detect qualitatively electrostatic force gradients. This change in phase or phase shift of the 
cantilever is given as31 
∆𝜑𝜑 = −𝑄𝑄
𝑘𝑘
𝜕𝜕𝐹𝐹
𝜕𝜕𝑧𝑧
(𝑧𝑧0) = − 𝑄𝑄2𝑘𝑘 𝑑𝑑2𝑆𝑆𝑑𝑑𝑧𝑧2 �𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑉𝑉𝑞𝑞�2 (6.1) 
Where Q is the quality factor, k is the spring constant of EFM cantilever, and z0 is the cantilever 
equilibrium position, F is the electrostatic force experienced by the probe, Vq is the surface 
potential due to q charges.  
The EFM image acquired with VEFM = 3 V before charge injection is shown in Fig. 6.13(c) 
reveals the presence of both positive and negative charges for the uncharged ES PTFE sample.  
If VEFM has the opposite sign of Vq, the force gradient decreases and dark features appear in the 
EFM phase image. The EFM signal here is the cantilever phase shift ∆φ required to maintain a 
constant cantilever phase in the EFM pass. In the absence of trapped or stored charge, the phase 
shift is due to the variation of the probe-sample capacitance during the linear pass of the probe 
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over the sample. For fluorinated polymers like PTFE, it is expected that the samples would show 
a highly negative surface owing to the electronegative fluorine in the structure. Comparatively, 
the polymers containing oxygen groups (such as PEO) would show positively charged and 
positive surface potential.32 Previous studies by Burgo et al33 have shown that the PTFE surface 
consists of macroscopically segregated positive and negative charge domains, rather than 
exclusive negative charges. In their report, it has also been argued that the positive macro-
domains on PTFE are formed by species derived from contact with polyethene. This effect can 
be further demonstrated by observing the EFM scanning result shown in Fig. 6.13(i). In the case 
of ES PTFE-PEO film, prior to the sintering process, the existence of both positive and negative 
domains is confirmed as seen in Fig. Fig. 6.13(l). For comparison and without the charge 
injection step, both positive and negative charge domains can be detected from the surface of a 
commercial cast PTFE film (FLOFILM100TM 12.7 μm thick) with a relatively flat surface. 
Although crystal phase PEO segments have been decomposed and removed through the 
sintering process as discussed above, residual isolated segments may still exist in the PTFE 
nanofibers. This residual PEO can induce a net positive charge on the surface of the sintered 
PTFE as visible in Fig. 6.13(c). This inference is supported by the enhancement of the C-H 
stretching band in the 2800-3000 cm-1 region in the FTIR spectrum, which can only come from 
the species derived from PEO as the PTFE with its CF2-CF2 structure should not show any C-H 
stretching (Fig. 6.12b) Similar results have also been shown by Burgo et al. in their work on the 
identification of charged species in the PTFE/PEO system.33  
 
Fig. 6.12 (a) FM phase signal as a function of the probe-sample voltage at a scanning height 
of 200 nm. (b) The increase in the intensity of the C-H stretching band of the FTIR 
spectrum in the post-sintering sample is indicative of the transfer of the positive charge 
from the PEO to PTFE.   
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The presence of positive charges on the sintered PTFE sample and commercial PTFE sample 
can also potentially explain the poor electrical response from the fabricated TENGs prior to the 
charge-injection process. When the sample is charged by the ion-injection process, the 
electrospun fibres in the sample show higher contrast or larger phase shift (Fig. 6.13f), due to 
higher force gradient. It physically corresponds to the attractive interaction between the stored 
charge (i.e. negative charges) and capacitive charges (positive charges) at the EFM tip. Fig. 
6.13(g) shows bias dependent (with attractive and repulsive tip potentials) EFM results on the 
charged ES PTFE-PA6 sample. The parabola fitting curve (black dash lines) matches well with 
the experimental data points and confirms that the choice of +4 V and -4 V as the maxima of 
the sweeping voltage keeps the data points within a parabolic regime. Thus, the EFM 
measurements confirmed the neutralised positive domain and enhanced negative charge density 
on the ES PTFE surfaces upon ion-injection treatment.  
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Fig. 6.13 (a) Surface topography, (b) EFM amplitude and (c) EFM phase for the uncharged 
sintered ES PTFE nanofibers, with the corresponding images (d-f), (g-i) and (j-l) shown 
after the ion-injection process. The EFM corresponding results of the commercial PTFE 
film and the ES PTFE-PEO composite fibres before sintering are shown in the images (g-
i) and (j-l), respectively.  
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6.4 Summary 
In this work, high-purity PTFE fibrous membranes with a large surface area were successfully 
fabricated by emulsion electrospinning technique followed by a precision-controlled high-
temperature sintering process. By combining with the phase inversion PA6 membranes, the 
fabricated PTFE fibrous membranes were further applied for producing TENG devices. 
Subsequently, a simple negative ion-injection process was utilised not only to neutralize the 
positive charge introduced by the PEO with oxygen groups but also to recover the negative 
tribo-property of the produced PTFE membranes. The electrospun PTFE fibrous membrane-
based TENG exhibits a remarkably high output performance when tested at a 5 Hz working 
frequency; the device gave a stable peak-to-peak open-circuit voltage of 900 V and short-
circuited current density of 20 mA.m−2, corresponding to a current density of ∼149 μC.m−2. In 
addition, a maximum power density of ∼9 W.m−2 was obtained at an impedance matching 
condition with high stability.   
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7 NITROGEN-CONTAINING 
TRIBO-POSITIVE MATERIAL: 
ANILINE FORMALDEHYDE 
RESIN BASED TENG 
7.1 Motivation 
With excellent dielectric properties, mechanical robustness and ease of fabrication, both natural 
and synthetic polymers feature extensively in the triboelectric series and display consistent 
charge transfer patterns corresponding to specific surface chemical moieties. A preliminary 
inspection of the chemical structure of these polymers reveals the following material design 
principles: (i) nitrogen-containing polymers with pyridine, amine and amide groups (e.g., nylon, 
polyvinyl-2-pyridine), develop the most positive charge (0.5 – 1.2 pC.cm-2), which is slightly 
higher than the polymers with oxygen functional (e.g. polyethene oxide, polyvinyl alcohol) 
groups, (0.6 – 1.1 pC.cm-2); (ii) halogenated (i.e., fluoride and chloride) polymers (e.g., 
polyvinylchloride, polytetrafluoroethylene (PTFE)) develop the most negative charge (-1.6 – -
2.8 pC.cm-2); and (iii) the hydrocarbons contribute almost nothing to the tribo-polarity.1–3 Thus, 
the ranking for polymers tends to be determined by their inherent chemical bonding, which 
affects the molecular constitution of the contact interface and hence the interfacial charge 
transfer. As polyvinylidene fluoride (PVDF) and PTFE are among the best performing tribo-
negative materials, only a few improvements have been brought to these materials such as 
fluorinated polydimethylsiloxane4, plasma-treated PTFE5 and fluorinated ethylene propylene.5 
However, not much attention has been paid to the selection of tribo-positive materials, which 
are equally crucial for enhancing the surface charge density and subsequent power density of 
TENGs. 
As a major class of polymer, formaldehyde resins were widely familiar with their properties of 
good thermal, mechanical and electrical properties.6 They have been widely applied to a large 
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variety of  fields, including coating, mechanical, electrical and semiconductor industries. 
Aniline Formaldehyde resin (AFR), as one type of formaldehyde resin, can be commonly 
synthesised by polymerisation of aniline in the presence of formaldehyde by acid catalysis 
condensation with a long-time reaction process at a high temperature(~70 oC).7 The resultant 
mixture was commonly required to be cured in a neutrality condition by adding a few drops of 
the strong base solution.8 Henniker et al. have reported that condensation products of aniline 
formaldehyde reactions with abundant amide (-NH2) groups result in the most amount of 
positive contact charge.9 However, their use has become quite restricted owing to the difficult 
moulding process and have fallen out in favour of melamine-type resins. Also, the room-/high-
temperature synthesis leads to fast reaction kinetics, causing the resinous product to have a 
random porous structure and with fast-thermosetting properties. The application scenarios of 
pristine AFRs have been quite limited. In this work, a thermoset mouldable AFR was expected 
to be synthesised and further to be applied for mechanical energy harvesting. 
7.2 Experiments 
7.2.1 Materials and characterization 
Aniline (>99.5 %), hydrochloric acid (37 %) and aqueous formaldehyde solution (37 wt%, 
containing 10-15 % methanol as a stabilizer) were purchased from Sigma Aldrich (United 
Kingdom) and used as such without any further purification. PTFE films (~0.03 mm thickness) 
for fabricating tribo-negative layers were supplied from the College Hardware, China. The 
charge injection on PTFE films was carried out using a commercial antistatic gun (Zerostat 3, 
Milty). Further details on the charge injection process can be found in § 6.3.5.10 
The curing temperature and thermal behaviour of the synthesized AFR materials were 
investigated by Differential scanning calorimetry (DSC) system on a TA Instruments DSC 
Q2000. The samples, approximate weight of 2 mg, were heated at 10 °C.min-1 from 0-200 °C 
under a constant 50 mL.min-1 N2 flow. Vendor provided software was used to assess parameters 
of glass transition temperature (Tg) and onset, maximum curing temperatures. A Hitachi S3400N 
scanning electron microscope (SEM) was used to study the surface morphology and cross-
section of the AFR and PTFE layers. The Fourier transform infra-red (FTIR) spectra of samples 
were obtained on a Thermo Scientific IS10 Nicolet at a nominal resolution of ±1 cm-1 for a total 
of 128 scans and processed through OMINIC. X-ray photoelectron spectroscopy (XPS) was 
performed on a Thermo Fisher Scientific NEXA spectrometer using a micro-focused 
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monochromatic Al Kα X-rays (19.2 W) over an area of approximately 100 µm.  Data were 
recorded at pass energies of 150 eV for wide energy survey scans, and 40 eV for high-resolution 
core-level scans with 1 eV and 0.1 eV step sizes, respectively. Charge neutralization of the 
sample was achieved using a combination of both Ar+ ions and low energy electrons. Depth 
profiling was accomplished using the instrument’s MAGCIS ion source operated at 1 keV and 
rastered over a 3 × 3 mm2 area at the rate of 0.4 nm.s-1 (reference Ta2O5) for 2500 s. 1H NMR 
spectra of the cured AFR was obtained in a deuterated dimethyl sulfoxide (DMSO) using a 
Bruker NMR Spectrometer AV3 HD 500 operated at 600 MHz and processed with a third-party 
analytical chemistry software. Dielectric measurements were carried out using Dielectric 
Relaxation Spectroscopy (DRS) technique employing an Alpha analyzer supplied by 
Novocontrol. For this, an AFR sample of ~1 mm thickness was placed between two brass 
electrodes of 20 mm diameter and inserted as a capacitor in the Novocontrol sample cell. The 
complex dielectric permittivity was recorded and measured in a broad frequency ranging from 
1 to 106 Hz. Nanoscale surface potential mapping was undertaken using an Asylum Research 
MFP-Infinity atomic force microscope in the Kelvin Probe Force Microscopy (KPFM) mode, 
which allows measurement of true surface potential through operation in a two-pass mode. For 
KPFM measurements, Pt-coated Si tips (Nanosensors PPP-EFM) with stiffness constant of 2.8 
N.m-1 were used. 
7.2.2 Material synthesis 
An acidic medium (20 ml, 10 M HCl solution) was first prepared by adding 10 ml deionized 
water to 10 ml of stock 20 M HCl, and further mixed with 15 ml of aniline. The prepared pale-
yellow coloured solution was then cooled down to ~0 oC in an ice bath under constant stirring. 
Subsequently, 7 ml of formaldehyde was added dropwise slowly into the solution under 
continuous vigorous stirring, during which the solution gradually became a yellow resinous 
condensate. Owing to the high viscosity of the condensate, the magnetic stirring bar was 
removed, and further vigorous stirring carried out manually using a glass rod to ensure a 
complete reaction. The collected condensate was subsequently washed with copious amounts of 
distilled water to remove the excess unreacted reactants and by-products.  
7.2.3 Preparation and electrical characterization of TENGs 
Conductive aluminium layers as electrodes were attached to two separate glass slides (2×2 × 0.1 
cm). The tribo-negative layer was produced by attaching a PTFE thin film, while the AFR acted 
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as the opposite layer. For the tribo-positive layer, the obtained gelatinous AFR condensate was 
spread out evenly on the surface of the prepared Al electrodes (Fig. 7.1b(i)), washed with 
distilled water (Fig. 7.1b(ii)) and further dried overnight in a desiccator (Fig. 7.1b(iii)). The 
samples were then cured under optimal conditions (detailed discussion in the following section) 
to obtain smooth AFR films on Al substrate (Fig. 7.1b(iv)). The two layers were assembled to 
form contact mode TENG devices. 
A computer-controlled dynamic fatigue tester system (Popwil Model YPS-1) was used to 
characterize the TENGs by controlling the contact force (1-100 N), frequency (0-10 Hz) and 
spacer distance of the two tribo-contact layers. An oscilloscope (Tektronix MDO3022) and a 
picometer (Keysight B2981A) were connected in parallel or serial, respectively, to test the 
voltage output and the short-circuit current, respectively. The corresponding charge density was 
derived from the area under the curve of the measured current density. For all the TENG 
electrical measurements on picometer and oscilloscope, the Al electrode corresponding to the 
AFR side was connected to the positive lead, while the PTFE side electrode was grounded. 
7.3 Results and discussion 
7.3.1 Material characterization 
It is well established that, to achieve maximum cross-linking and ensuing mechanical strength, 
the resins should be cured at the lowest curing temperatures for a longer duration.11 The aniline 
formaldehyde condensates are thermosetting resins whose optimal curing conditions were 
determined using a two-cycle DSC thermal analysis.12 The thermogram (shown in Fig. 7.1a) 
exhibits classic thermoset behaviour. In the first heating run, an exothermic peak was observed 
at ~120 oC, corresponding to the curing temperature range, while in the second heating run, no 
further melting/curing peaks were observed except for a glass transition (Tg) peak at ~31 oC. 
The second DSC run is essential to assess that the samples are fully cured (indicated by the 
absence of any further curing exotherm) or whether further post-curing was required.11,12 
Correspondingly, the curing process of the AFR resins on Al substrates was performed in a 
vacuum oven (~120 oC, ~14.5 Psi) for 2 hours to eliminate any residual unreacted aniline, 
formaldehyde and/or other volatiles entirely with no further post-curing. The curing was 
performed by turning the AFR-deposited side upside down onto a flat PTFE substrate to make 
flat thin films for TENGs. To obtain AFR samples with varying thicknesses, four different 
weights (1,000g/500g/300g/200g) were added on to the backside. Subsequently, the oven was 
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switched off, and samples were allowed to cool down to room temperature to obtain the hot-
pressed AFR thin films on the Al electrode (Fig. 7.1b(iv)).  
 
Fig. 7.1 (a) Two-cycle-run DSC spectra to accurately determine the curing conditions for 
the synthesized AFR, (b) digital photographs of (i) as-prepared, (ii) washed, b(iii) dried 
and (iv) fully cured, hot-pressed AFR samples. SEM images of the surface morphology 
representative of the high porosity of the uncured AFR samples at (a) low and (b) high 
magnification. After the in-vacuo high-temperature curing step, (c) a significantly 
smoother surface morphology with no apparent pores can be observed, (d) corresponding 
cross-section of the cured AFR sample. Please note that the SEM images of (c & d) 
correspond to b(iii), while (e & f) correspond to b(iv), respectively. 
Chapter 7 Nitrogen-containing tribo-positive material: Aniline Formaldehyde Resin based TENG 
      Pengfei Zhao – Feb 2020                                                                  146 
The SEM images of uncured/cured AFR samples are shown in Fig. 7.1 (c-f) to demonstrate the 
significant change of the surface morphologies upon curing. As observed clearly, an irregular 
porous structure with plate-like aggregates, owing to the evaporation of water and other 
volatiles, was observed for the dried samples (Fig. 7.1d), as compared to the as-prepared sample 
(Fig. 7.1c). By observing the surface and cross-section morphology shown in Fig. 7.1 (e-f), the 
subsequent in-vacuo curing step was successful in eliminating the porosity to obtain a smooth, 
conformal film and ensures sufficient mechanical strength for the TENG applications. 
The cured AFR sample was characterized by 1H NMR and data shown in Fig. 7.2(a) with the 
sharp sextet at δ 2.51 ppm being ascribed to the solvent DMSO. Previous work by Zhang et al. 
has shown that a reduction in the aniline to formaldehyde ratio in the polymerization reaction 
has a significant effect on the intensity, area, and shape of the peak at δ 5.10 ppm with 
corresponding changes in the peaks for aromatic rings and methylene groups.13 The further 
multiple peaks appear in the range of δ 6.5-7.0 ppm, corresponding to the aromatic rings and 
amino groups; meanwhile, the peaks in the range of δ 3.55-3.67 ppm correspond to the 
methylene group (-CH2-) groups connecting the aromatic rings.13,14 The broad peak around δ 
5.50 ppm corresponds to the primary and secondary amine protons.13,14 By integration of the 1H 
NMR signals, the relative molecular ratio of the prepared for aromatic rings, methylene, and 
amino groups were calculated to be 10:4:5 which is similar to those reported by Zhang et al. 13 
The molecular structure of the AFR samples before and after curing was confirmed with FTIR 
spectroscopy. By observing Fig. 7.2(b), the bands at ~1,515 cm-1 and ~812 cm-1 can be assigned 
to the stretching vibration of the benzenoid framework and the bending vibration of the 
substituted benzene ring.13,14 The absorption bands range from 1,630-1,500 cm-1, and 1,350-
1,250 cm-1 are assigned to -NH and -C-N- vibrations and stretching, respectively; while the 
bands in the range of 3,500-3,300 cm-1 are due to the primary and/or secondary amine functional 
groups. 13–15 The peaks in the range of 1,400-1,300 cm-1 indicate the existence of -CH2-N 
bonding. Stretching vibrations of aromatic protons result in the peaks at ~2,900 cm-1 and out of 
plane bending vibrations in the range of 780-650 cm-1.16 After the curing process, the intensities 
decrease for the absorption bands at ~3,340 cm−1 and ~1,619 cm−1, indicating the presence of 
lower primary and secondary amine units in the molecular structure, which could lead to the 
formation of the final product with much lower solubility.14 Although it is generally recognized 
that polymer chemical structure cannot be fully identified from the spectral results only, 
previous work by Zhang et al.13 have shown that a linear copolymer is formed when an excess 
of aniline is used (similar to the conditions used here), in which the amino group of aniline unit 
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predominantly exists as primary and/or secondary amine. As mentioned earlier in the 
experiment section, the yellow residual solution indicates an excess amount of aniline and the 
presence of primary and secondary amines can be confirmed by the existence of strong 
absorption bands at ~1,600 cm-1 and ~1,268 cm-1 of the FTIR results.13,14 The probable reaction 
mechanism and structures of the synthesized products are proposed by combining all the 
obtained spectra results, which is shown in Fig. 7.3.6 
 
Fig. 7.2 (a) 1H NMR spectra of the cured AFR, (b) FTIR spectra of the uncured and cured 
AFR, (c) core-level C 1s, O 1s and N 1s XPS spectra for the cured AFR sample and (d) 
variation of the dielectric behaviour of the cured AFR sample as a function of frequency. 
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Fig. 7.3 Proposed molecular structure for the produced AFR.6 
Fig. 7.2(c) shows the XPS core-level elemental spectra for carbon, nitrogen, and oxygen. 
Quantification using appropriate relative sensitivity factors reveals the surface composition of 
the pristine AFR as carbon (81.5 at.%), nitrogen (8.9 at.%) and oxygen (9.6 at.%). All the high-
resolution core-level spectra were fitted using mixed Gaussian-Lorentzian (GL(30)) 
components to identify the diverse chemical bonding states present in the AFR samples. The 
high binding energy asymmetrical C 1s spectrum was deconvoluted into four components 
centred at 284.8 eV, 285.8 eV, 287.0 eV and 288.7 eV, corresponding to sp2 bonds, C-N bonds 
in amino groups and/or amine-sided carbon atoms, C-O and C=O groups, respectively apart 
from the satellite peak at ~291 eV.17 The N 1s spectra shows a single peak at ~399.7 eV, 
corresponding to the nitrogen bonded to carbon in amino and/or amide groups.17,18 This peak 
has also been attributed to an overlap of the amine, amide, and imide contributions for nitrogen-
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containing polymers.17,18 The O 1s spectra show the presence of components at 531.5 eV and 
532.9 eV, corresponding to C-O and C=O groups, respectively.17,18  
It should be noted that oxygen is not usually expected in the chemical structure of AFR, but 
owing to the low-vacuum curing process, surface oxygen is observed, which is absent in the 
bulk of the material. As shown in Fig. 7.4, the concentration of oxygen is reduced dramatically 
from 9.59% to 0.46% by etching the sample surface with the in-situ XPS Ar+ sputtering. As 
discussed earlier, both the nitrogen and oxygen groups can impart tribo-positive functionality to 
the surface owing to their electron-donating capabilities wherein the nature of the oxygen group 
(ether, hydroxyl or carbonyl), has only a small effect on the magnitude of the charge.  For AFR 
which has abundant nitrogen and oxygen functional groups, a high tribo-positive behaviour is 
therefore expected. 
 
Fig. 7.4 Changes in the core-level spectra for pristine and depth-profiled Ar+ sputtered 
AFR samples 
For the application of the cured AFR samples in a capacitive type TENG device, it is also 
essential to study its dielectric behaviour, including the variation of the real part (ε′), and the 
loss tangent, tanδ [tanδ = ε′′/ε′] (where ε′′ presents the imaginary part) of dielectric constant 
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with the variation of frequency. It can be observed (Fig. 7.2d) that the ε′ of AFR at room 
temperature decreases from a value of 3.96 at 1 Hz to a value of 3.17 at 10 MHz, similar the 
AFR with the ε′ value of 3.70 at 60 Hz mentioned the literature.19 When the frequency was 
higher than 10 Hz, tan δ shows values of less than 0.2 in all the frequency window. Especially 
for frequencies higher than 1 kHz, tan δ presents a value lower than 0.01. The near-linear 
increase of tan δ below 1 kHz may be associated with the low-frequency dielectric relaxation, 
which is accompanied by a corresponding more significant increment of ε′ values. This trend of 
the dielectric parameters matches well with Koop’s theory and Maxwell-Wagner model, which 
describes the interfacial dipoles have less time to orient themselves in the direction of the high-
frequency alternating field, thus decreasing the polarization at higher frequencies.20 However, 
as the contact-mode TENG is commonly operated in the low-frequency range (1-10 Hz), the 
effect of variation of the dielectric constant on the TENG output is minimal (see Equations 7.1 
and 7.2).21 
7.3.2 Electrical characterization 
The measured output performance of the produced AFR/PTFE TENG is shown in Fig. 7.5. For 
the short-circuit condition, the transferred charge for the contact-separate mode TENG devices 
can be theoretically represented by21 
𝑄𝑄𝑠𝑠𝑠𝑠 = 𝑆𝑆𝜎𝜎𝑥𝑥(𝑡𝑡)𝑑𝑑0 + 𝑥𝑥(𝑡𝑡) (7.1) 
Where S is the plane contact area, 𝜎𝜎 is the surface electrification charge density, x(t) is the real-
time distance between two contact layers, and d0 is the effective thickness represented by 
𝑑𝑑0 = 𝑑𝑑1𝜀𝜀1 + 𝑑𝑑2𝜀𝜀2  (7.2) 
Where 𝜀𝜀1  and 𝜀𝜀2  represent the relative dielectric constants of the two contact triboelectric 
contact layers of thicknesses d1 and d2, respectively.21 Considering Equation 7.1 and 7.2, the d1 
and d2 have a profound effect on the produced voltage output and charge density. To explore 
this parameter, samples of varying thickness on the Al electrodes prepared by controlling the 
load during the in-vacuo hot-press process. With the increase of the pressing load 
(200g/300g/500g/1,000g), the thickness of the AFR films reduced from ~973 μm to ~117 μm. 
As expected, the output voltage and transferred charge density increased with the reduction in 
the AFR layer thickness (Fig. 7.5a&b) and the trend was confirmed for all the possible contact-
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force conditions. For the highest performance, thinner dielectric layers are preferred owing to 
the better charge induction on the back metal electrodes.21 Therefore, for further experiments, 
only samples of ~117 μm AFR samples were considered.  
 
Fig. 7.5 Electrical measurement results of AFR/PTFE TENG carried out for various 
conditions. The measured (a) peak-to-peak voltage and (b) transferred charge density of 
the TENG fabricated by AFR of various thicknesses. The optimal 117 µm thick AFR 
sample was then further subjected to mechanical excitation at varying frequencies from 
1-9 Hz with corresponding (c) voltage and (d) current density and charge density 
measurements. Further measurements at the optimal frequency of 5 Hz were then carried 
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out for the 117 µm thick AFR sample as a function of (e) contact force with the 
corresponding (f) current and charge density.  
Unlike the piezoelectric energy harvesters, which require operation at their resonant frequencies, 
the TENG devices are high-efficiency mechanical energy to electrical energy converters in the 
low-frequency (1-10 Hz) region.22 As shown in Fig. 7.5(c&d), the output voltage and current 
followed this pattern to give maximum voltage output of ~900 V and current density of ~60 
mA.m-2 when the contact forces and spacer distance were fixed as 50 N and 5 mm, respectively, 
while the short-circuit charge density remained relatively constant at a value of 200 μC.m-2. 
However, for the energy harvesting purpose, the transferred charge density is the most crucial 
output parameters. It can be observed that the maximum transferred charge density value (~225 
μC.m-2) was obtained at the working frequency of 5 Hz, which indicated the optimized working 
condition of the AFR/PTFE TENG. 
According to the literature and mentioned works, the impact force and impact frequency are the 
two critical operating parameters that affect the contact-separation mode TENGs outputs.21,22 
However, surprisingly, within the contact force range of 20N to 80 N, the AFR/PTFE device 
gave a near-constant level of peak-to-peak voltage output (Vp-p) of ~1,000 V (Fig. 7.5c). For the 
current output shown in Fig. 7.5(d), although the peak values of the current density increase 
from ~45 mA.m-2 to ~65 mA.m-2, the effective transferred charge density stays around 200 
μC.m-2. This relatively constant output, unaffected by the variation of contact force is attributed 
to the high hardness, flat contact surface, and non-variable polarization properties of the cured 
AFR substrate. The slight variation of the observed current density may arise due to the 
malleability of the relatively soft PTFE film, which leads to a variation of film thickness at 
different impact forces and pressures. It should be noted that this value of ~200 μC.m-2 is similar 
to the values reported for the TENGs based on liquid metal gallium (~219 μC.m-2)23, but lower 
than that of soft material and fragmental contacting structure (silicone rubber mixed with 
nanocarbons) which reach a value of ~250 μC.m-2 which is considered as the maximum charge 
density of TENGs working in air environment.24 Thus, the AFR represents a relatively 
straightforward material and process for achieving high surface charge density without the need 
for expensive liquid metals or polymer compounding steps.  
To show the superiority of AFR over PA6 as a tribo-positive material, the output of the contact 
between PA6 and AFR layers was measured. Accordingly, under the standard test conditions of 
50 N impact at 5 Hz frequency, a peak-to-peak voltage of nearly 140 V is observed with a 
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corresponding current density of nearly 5 mA.m-2 thus showing the superiority of AFR over 
PA6 shown in Fig. 7.6. As discussed earlier, the large difference in the average surface potential 
of the AFR (1.147 V) and PA6 (0.87 V) surfaces implies that the electrons can be easily donated 
from the AFR surface and it will gain a positive charge after contacting with the PA6. However, 
the AFR/PEO TENG under 50 N, 5 Hz test conditions produced a peak-to-peak voltage of ~10 
V with the corresponding current density of <1 mA.m-2 only. The results, therefore, clearly 
demonstrate to the relatively small difference in the surface potential values between AFR and 
PEO. 
 
Fig. 7.6 The electrical output of the contact between AFR and PA6 or PEO layers of the 
size of 2.5×2.5 cm2: (a) open-circuit voltage output and (b) short circuit current density at 
nominal 50 N, 5 Hz test conditions. 
The output power of the AFR/PTFE TENG was tested by connecting various external load 
resistors in series (operating conditions: 50 N force, 5 mm spacer distance and 5 Hz working 
frequency. The accurate instantaneous peak power values (P=I2 × R) can be obtained by 
measuring the current across each resistor. It can be observed in Fig. 7.7(a) that the output power 
of AFR-PTFE TENG was maximized at a load resistance of 100 MΩ, corresponding to a peak 
power density of nearly 11 W.m−2. However, it has been shown that the instantaneous power 
output is related to not only the amount of charge transferred, but also to the duration of the 
charge transfer time. Indeed, such an effect has been applied to design micro/nano-switch 
structure for developing TENG based applications which require high-magnitude voltage 
peaks.25 Therefore, instead of the instantaneous peak power, the energy (E) derived from the 
area under the power curve of each energy generation cycle at the impedance matching condition 
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is much more representative of the output electrical energy characterization. This energy, E, is 
given by:  
𝐸𝐸 = � 𝐼𝐼𝑡𝑡2𝑅𝑅𝑒𝑒𝑜𝑜𝑙𝑙𝑙𝑙  𝑑𝑑𝑡𝑡(𝑛𝑛+1)𝑡𝑡
𝑛𝑛𝑡𝑡
 (7.3) 
where I stands for the measured current across the load resistance (RLoad), n is the number of 
generation cycle, and t is the time period of each energy generation cycle (0.2 s at 5 Hz working 
frequency). At the impedance matching condition (when RLoad=100 MΩ), the energy harvested 
was calculated to be ~28.1 μJ.cycle-1 (Fig. 7.7b), which is nearly twice that that harvested from 
a PA6/Electrospun(ES) PTFE based TENG reported in Chapter 6 (~13.8 μJ.cycle-1). 
 
Fig. 7.7 (a) Power density values measured with variable load resistance for the 
AFR/PTFE based TENG, (b) the power output of a single energy generation cycle of 
AFR/PTFE (red) and PA6/electrospun PTFE TENG at the impedance matching condition 
(100 MΩ),  
The output stability of the AFR/PTFE TENG was demonstrated by a continuous operation for 
over 16,000 energy generation cycles at 50 N, 5 Hz condition). As shown in Fig. 7.8(c, d), the 
output variation is within the mechanical system error range (±5%) of the contact forces. The 
continuous stable output demonstrates not only the duration of the tribo-charge on the selected 
dielectric material surfaces but also the sufficient mechanical strength of the fabricated AFR 
layer for the long-term energy generation applications. The AFR/PTFE TENG provides enough 
power to immediately light up 32 chip LEDs without the need for any prior charge storage (Fig. 
7.8e).  
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Fig. 7.8 (a) The AFR/PTFE TENG shows consistent (c) voltage output and (d) current 
output behaviour for the test duration of 16,000 energy generation cycles at a fixed 
working frequency of 5 Hz. (e) LEDs were directly powered by the fabricated AFR/PTFE 
TENG. 
7.3.3 The mechanism for high performance of AFR/PTFE TENGs 
Under compressive forces, when the AFR/PTFE surfaces are in contact, equal and opposite 
triboelectric charges, i.e. negative charges on PTFE and positive charges on AFR are generated. 
Upon the removal of the force, the presence of these opposite charges on the surfaces leads to 
the formation of the potential between the two metal electrodes, which can drive the electrons 
through an external circuit until the potential difference is neutralized. Thus, a higher charge 
density will produce a higher potential difference between the two TENG dielectric surfaces. It 
is clear that as compared to PA6, the significantly higher tribo-positive nature of the synthesized 
AFR layer can be further demonstrated by using KPFM technique.  
The KPFM measurements rely on the matching of tip bias VDC with the contact potential 
difference between the sample and the probe contact potential difference, VCPD, by nullifying 
the vibration of the probe, which is initially driven by the electrostatic force, FES, induced on the 
AFM probe described by Eq. 7.426:  
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𝐹𝐹𝐸𝐸𝑆𝑆  = −𝜕𝜕𝑆𝑆𝑡𝑡𝜕𝜕𝑧𝑧
⎩
⎪
⎨
⎪
⎧ 12 �(𝑉𝑉𝐷𝐷𝑆𝑆 − 𝑉𝑉𝑆𝑆𝐶𝐶𝐷𝐷)2 + 12𝑉𝑉𝐴𝐴𝑆𝑆2  ] +(𝑉𝑉𝐷𝐷𝑆𝑆 − 𝑉𝑉𝑆𝑆𝐶𝐶𝐷𝐷)𝑉𝑉𝐴𝐴𝑆𝑆 𝑠𝑠𝑑𝑑𝑛𝑛(𝜔𝜔𝑡𝑡) − 14𝑉𝑉𝐴𝐴𝑆𝑆2 𝑐𝑐𝑐𝑐𝑠𝑠 (2𝜔𝜔𝑡𝑡) ⎭⎪⎬
⎪
⎫ (7.4) 
where Ct, z, VAC, and t are the equivalent capacitance between the tip and sample, the tip-sample 
distance, the magnitude of AC voltage applied to the probe, and the time, respectively 26,27. Now, 
the VCPD itself is generally determined by Eq. 7.5:  
𝑉𝑉𝑆𝑆𝐶𝐶𝐷𝐷 =  𝑉𝑉𝑠𝑠𝑙𝑙𝑚𝑚𝑝𝑝𝑒𝑒𝑒𝑒 −  𝑉𝑉𝑡𝑡𝑘𝑘𝑝𝑝 = 𝜑𝜑𝑡𝑡𝑘𝑘𝑝𝑝 −  𝜑𝜑𝑠𝑠𝑙𝑙𝑚𝑚𝑝𝑝𝑒𝑒𝑒𝑒𝑞𝑞  (7.5) 
where 𝑉𝑉𝑠𝑠𝑙𝑙𝑚𝑚𝑝𝑝𝑒𝑒𝑒𝑒 ,𝑉𝑉𝑡𝑡𝑘𝑘𝑝𝑝,𝜑𝜑𝑡𝑡𝑘𝑘𝑝𝑝,𝜑𝜑𝑠𝑠𝑙𝑙𝑚𝑚𝑝𝑝𝑒𝑒𝑒𝑒 denote the sample surface potential, tip surface potential, tip 
work function and samples the work function of the tip, while q is the electronic charge. As seen 
above, the VCPD is dependent on the effective work function of the two materials and the 
electrostatic potential difference. While the work function is an inherent property of the material, 
the latter is determined by the bias the surface charge on the sample. Assuming the homogeneity 
of the material, the work function difference should be the same across the scanned surface. 
Therefore, the potential contrast observed can be correlated to the triboelectric charge induced 
potential change 1,2. For KPFM, during the interleave (lift) mode, the tip is raised (10-20 nm) 
above the sample surface allowing the imaging of relatively weak but long-range electrostatic 
interactions while minimising the influence of surface topography. 
 
Fig. 7.9 EFM images showing the topography, amplitude and phase of the charge injected 
PTFE films.  
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In the first instance, the surface potential of the as-prepared cured AFR sample (Fig. 7.10a&b) 
was measured. For the pristine AFR sample of 117 µm thickness, this average surface potential 
was measured to be 1.147 V which is significantly higher than that of the extensively used tribo-
positive PA6, which showed a value of 0.875 V only.28 A higher surface potential implies that 
the electrons can be easily donated from the surface and the surface will gain a positive charge 
after contact with the other materials. Thus, as compared to the PA6, a higher surface potential 
means that the AFR has a higher positive tribo-polarity, thus having a higher ability to donate 
electrons and explains the significantly higher performance for the AFR/PTFE TENG as 
compared to the PA6/PTFE TENG. The results also match the contact tests of AFR-PA6 and 
AFR-PEO layers, which clearly demonstrate the need for judicious picking of the materials for 
TENG devices. 
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Fig. 7.10 Variation of the surface potential of the cured sample as a function of contact 
cycles with PTFE, (a, b) represents the topography and surface potential (average value: 
1.147 V) of the pristine AFR sample (no contact with PTFE), (c, e) represents the surface 
topography after 30 and 60 contact cycles while (d, f) shows the corresponding increase in 
the surface potential (average values of 1.164V after 30 cycles and 1.187 V  after 60 cycles), 
respectively, (g, h) shows the topography and enhanced surface potential (average value: 
1.206 V) of the AFR after it had been contacted for 60 cycles with PTFE and then kept 
pressed with PTFE for a further 10 sec., (i) the histogram of the surface potential shows a 
clear upshift prevalent throughout the measured area of the AFR sample. 
Besides the understanding of the surface potential of a triboelectric surface, it is equally 
important to understand the change in the surface potential and the spatial distribution of charges 
occurring upon the contact between the triboelectric materials. Fig. 7.10(a-h) showing the 
KPFM plots of the topographic height and the surface potential of the AFR sample at various 
stages of contact with the charge injected PTFE by the ionization gun. It should be noted that 
the surface potential of the charge injected PTFE sample was too high, leading to channel 
saturation (±10 V for our system) (see Fig. 7.11) and even after multiple contact cycles remained 
too high to be measured, hence, the KPFM discussion would be limited to the AFR samples 
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alone. In addition, no cross-talk between the topographic features and surface potential was 
observed for the AFR samples. 
 
Fig. 7.11 KPFM image for charge injected PTFE films showing (a) the topography and (b) 
the saturated channel for a potential image of the membrane surface.  
To study the variations of the tribo-layer surface potential during the contact-separate harvesting 
process, the AFR and PTFE layers were repeatedly contacted/separated with each other for a 
number of cycles (TENG excited by hand, 1-2 Hz, 5-10 N) and then the surface potential was 
measured by using KPFM.29 The delay between the contact and the completion of the scan was 
kept to a minimum so that the time-variant effect on surface potential could be minimized.30 
Due to the lack of metal contacts on the imaging surface (acting as reference points) and the 
relatively large area of the AFR samples, a fixed measurement area cannot be ensured. However, 
repeated measurements have shown that the surface potential changes observed are consistent 
throughout the sample. It should be noted that the KPFM measurements reported were 
undertaken with the backside electrode of the AFR film grounded. After each set of cycles (10, 
20, 30, and so on), the backside electrode was grounded before the KPFM experiment was 
initiated. As shown in Fig. 7.12, when the grounding was not provided, a typical increase of 
about 200 mV in the surface potential of the AFR film was observed in both cycled and uncycled 
state. This would suggest that grounding of the backside electrode removes a fraction of the 
uncompensated charges in the AFR film, thereby lowering the surface potential of the film. The 
contact electrification between AFR and PTFE, after a nominal 30 contact cycles, leads to the 
exchange of charges between the AFR and PTFE and change the average surface potential of 
AFR to 1.176 V (Fig. 7.10c&d). As the cyclic contact increases to 60 cycles, the mapped 
potential  shows a nominal increase to 1.187 V (Fig. 7.10e&f). This variation of nearly 40 mV 
is shown in Fig. 7.10(i), where the surface potential histogram shows a clear upshift of the AFR 
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surface potential. This increase in the surface potential can be considered to arise from a 
reduction in the overall roughness upon cycling resulting in better microscopic contact.  
 
Fig. 7.12 (a) Topography of the examined AFR film, (b) KPFM surface potential map 
obtained while the backside electrode is grounded (c) KPFM map obtained by removing 
the grounding. 
However, unlike the study by Baytekin et al.30, for any of the contact cycled AFR surfaces, no 
mosaic charge distribution could be observed. However, when the AFR and PTFE surfaces were 
brought in contact for 10 sec, there was a significant shift in the surface potential for the AFR 
samples from 1.187 V to 1.206 V. However, any further cycling or contacting/rubbing of the 
AFR and PTFE surface did not affect the surface potential of the AFR visibly, and it remained 
around the 1.206 V value only. This trend of the upshift in the surface potential of the tribo-
positive material is in line with that observed by Baytekin et al. and Barnes et al.29,30 However, 
their use of soft, high tack PDMS ensures higher conformity of the tribo-surfaces leading to a 
significantly higher difference in the observed surface potentials (up to 100 mV). 29,30  
7.4 Summary 
In summary, a facile approach for the synthesis of highly tribo-positive aniline formaldehyde 
resin is proposed. The ease of post-processing and curing steps, in conjunction with its suitable 
chemical functional groups, dielectric behaviour, and surface morphology makes AFR highly 
suitable for energy harvesting TENG applications. A thin (~117 μm) flat AFR dielectric film in 
an AFR/PTFE TENG gave a maximum peak-to-peak voltage of 1,000 V, a current density of 
65 mA.m-2 and a transferred charge density of 200 μC.m-2, respectively. With each generation 
cycle, the AFR/PTFE TENG can harvest/convert ~28 μJ energy to an impedance-matched load 
resistor, which is twice the value of a PA6 tribo-positive layer based PA6/PTFE TENG. The 
improvement of the performance of the AFR/PTFE TENG is mainly attributed to the high 
Chapter 7 Nitrogen-containing tribo-positive material: Aniline Formaldehyde Resin based TENG 
      Pengfei Zhao – Feb 2020                                                                  161 
surface potential of AFR (1.147 V) as confirmed by KPFM. In addition, the AFR/PTFE TENG 
device was demonstrated to be able to light up 35 LEDs and have a highly stable output for a 
long device duration test of over 16,000 operation cycles. The work, therefore, provides a 
simple, cost-effective route for expanding the portfolio of tribo-positive materials for enabling 
high-performance TENG energy harvesters.  
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8 CONCLUSION AND 
RECOMMENDATIONS FOR 
FUTURE WORKS 
8.1 Conclusions 
The world is facing the crisis of fossil fuel-based energy exhaustion and environmental 
catastrophe caused by excessive use of fossil fuel. There is an urgent need to develop renewable, 
sustainable energies to maintain human economic activities. The energy harvesting technologies 
such as solar cells, thermoelectric and triboelectric nanogenerators in large or small scales are 
the future technologies to overcome the problems, and the small scale nanogenerators are 
particularly useful for the forthcoming information era, where everything is linked together via 
billions of IoT nodes and sensors.   
The overall objective of the research was to explore novel strategies and new material systems 
to fabricate high-performance triboelectrification-effect based nanogenerators, one of the most 
promising and efficient energy harvesters. To achieve this goal, the two-layer dielectric-to-
dielectric vertical contact-mode TENG configuration was used as the test platform. During the 
course of this thesis, three different types of materials design, including two for tribo-negative 
and one for tribo-positive materials were developed and their efficacies were demonstrated. This 
chapter reviews the main conclusions of the works, which can be summarized as follows:  
(i)  The synthesised interfacial Zn:Al LDH and ZnO layers were demonstrated to be strongly 
piezoelectric, and the strong stress-induced polarisation was able to inject charge into the tribo-
negative layer above it. Using this phenomenon, a significant improvement in the maximum 
output voltage, charge density and output power density of the TENGs was observed from ~400 
V, ~110 μC.m-2,  and ~13 W.m-2 to ~800 V, ~225.7 μC.m-2, and ~47 W.m−2, respectively. The 
facile synthesis route for piezoelectric ZnO and Zn:Al LDH layers in conjunction with a spin 
coating technique provides an easy route for enhancing the polarisation and power output of 
TENGs by incorporating piezo- and tribo-electric effects. Such hybridisation strategy has the 
potential to be utilised as a broader TENG output enhancement strategy.  
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(ii)  By following a similar hybridisation strategy, but to simplify the internal structure, a novel 
composite material, PVDF-ZnSnO3, was synthesised for performing the functions of both of the 
spontaneous polarisation layer and the tribo-negative layer. The introduction of well-dispersed, 
optimal content of ZnSnO3 in the PVDF matrix, through twin-screw compounding, not only 
enhanced the formation of the β-phase PVDF crystalline content during the phase-inversion 
membrane forming process but also led to a strong stress-induced polarization effect of the 
calculated piezoelectric coefficient increased from 52.4 pm.V−1 to 76.3 pm.V-1. The significant 
effect was directly reflected in the significant output performance enhancement compared to the 
pristine PVDF based device and the incremental transferred charge density along with the 
growth of the contact forces, from ~100 µC.m-2 to ~206 µC.m-2. Meanwhile, the higher surface 
charge density and piezoelectric response values of the composite material were further 
established by utilising advanced AFM techniques of EFM and PFM. From the aspects of large-
scale manufacturing of TENGs, the industrially established process of twin-screw compounding 
for composite synthesis and phase-inversion process for membrane preparation offer excellent 
potential for mass production and applications in the fields of energy harvesting and sensing 
systems. 
(iii) In the third work, a contact area enhancement strategy was applied to enhance the surface 
charge of the PTFE membrane, and hence the output performance of PTFE based TENGs. Based 
on a facile emulsion (PEO/PTFE) electrospinning technique followed by a sintering 
(purification) process, free-standing PTFE fibrous membranes with a large surface area were 
successfully realised. To neutralize the positive charge introduced by the oxygen groups on 
PEO, a simple negative ion injection process was utilized to revive the tribo-polarity of the 
PTFE surface, as confirmed by EFM measurements. The fabricated PTFE fibrous membranes 
were subsequently applied for TENG based energy harvesting applications. From the electrical 
measurements, it was shown that the electrospun PTFE based TENG shows good durability and 
remarkably high output performance without visible output decay in 30,000 operation cycles. 
The work unambiguously shows a simple, cost-effective, and environmentally friendly 
technique for fabricating high-surface-area PTFE membranes and demonstrates its great 
application potential in the field of energy harvesting. 
(iv)  At last, relying on a facile low-temperature, acidic-medium condensation polymerization 
of aniline with formaldehyde, a novel aniline formaldehyde condensate has been synthesised. 
The condensate can be fully curable at a relatively low temperature and be formed into the 
required shape with sufficient mechanical rigidity. The fabricated aniline formaldehyde resin 
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thin films exhibit superior performance as a tribo-positive layer. The subsequent KPFM 
measurements prove its significantly higher surface potential (average value of 1.147 V) as 
compared to commonly used tribo-positive material, PA6 (average value of 0.875 V). Further 
analysis of the enhancement of the surface potential as a function of contact cycles was carried 
out. Thus, the work not only proposes a novel mouldable AFR synthesis process, its use in 
TENGs, but also expands with excellent prospects, the current portfolio of tribo-positive 
materials for energy harvesting applications.  
In conclusion, by applying different strategies to the tribo-negative layers, the transferred charge 
density, as the most critical output parameter of TENG devices, has been improved by ~67 %, 
~75%, ~76% for the interfacial Zn:Al LDH & ZnO layer, PVDF-ZnSnO3 composite membrane, 
and fibrous PTFE membrane based TENGs, respectively, as compared to the respective 
reference ones. In comparison, by replacing the state-of-the-art positive contact layer, PA6 film, 
with the synthesised AFR thin film, a significant charge density increase of ~164% was 
successfully achieved. Thus, evidently, the improvement of the tribo-positive layer is the most 
effective approach among the works. In addition, by considering the present situation that not 
much attention has been paid to the innovation in the tribo-positive layer and materials, 
continuing the research in such aspect will contribute greatly to the development of the field. 
8.2 Innovative contributions to the field 
These works have made significant contributions to the development of TENGs, especially in 
the field of material optimisation and output performance enhancement. These are summarized 
below: 
• A study has been conducted about the effect of the charge injecting interfacial ZnO, 
Zn:Al LDH piezoelectric layer on the performance of the triboelectric nanogenerators. 
This method provides an effective strategy to combine the advantages of the 
piezoelectric (high charge density) and triboelectric mechanism (high voltage output) 
together effectively. 
• A novel composite material, PVDF-ZnSnO3, has been proposed and demonstrated as a 
high-performance tribo-negative material with significant spontaneous polarization 
response.Through the use of this composite material, the integration and manufacturing 
complexity of the piezoelectric charge injection-based TENG output enhancement 
strategy is eased significantly.  
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• Electrospun nano-fibrous PTFE membrane with high surface area and sufficient 
mechanical strength have been successfully fabricated and applied in the field of energy 
harvesting. 
• A facile commercial piezoelectric ceramic-based ion-injection gun for realising the 
recovery/enhancement of the surface tribo-polarity of the sintered PTFE material. 
• The dynamic atomic force mapping technique has been successfully applied to 
determine the magnitude and distribution of the surface static charge and piezoelectric 
response of the tribo-contact dielectric materials. Such an approach can be widely 
applied to study the surface charge state of different materials, hence significantly 
improve the research efficiency of the triboelectric materials. 
• A mechanically stable, mouldable aniline formaldehyde resin has been successfully 
synthesized through a low-temperature acidic-medium reaction upon an in-vacuo high-
temperature curing step. 
• The fabricated aniline formaldehyde resin thin film displays strong tribo-positive 
behaviour benefiting from abundant positively-charged nitrogen and oxygen surface 
functional groups.  
• KPFM technique has been successfully applied to study the surface potential of the 
materials, which is directly related to the tribo-polarity, and the operation mechanism of 
the produced aniline formaldehyde resin based TENG. 
8.3 Future Works 
Due to the time and equipment constraints, there are many unanswered questions which require 
further work and clarity. The recommendations for future work include: 
1) Enhancing current output and reducing impedance 
Although the fabricated TENG devices were demonstrated to have significantly enhanced 
outputs (with the maximum peak-to-peak voltage of ~1,000 V, charge density of ~225.7 μC.m-
2, and power density of ~47 W.m-2 ), further improving the induced charge density/quantity of 
triboelectric mechanism-based devices remains one of the significant challenges which is limited 
by the contact materials and the dielectric breakdown of the air spacer. On the other hand, as 
shown in the KPFM measurements (Fig. 7.11), the absolute average surface potential of the 
tribo-negative layer (ϕPTFE> 10 V) is much higher than the synthesised tribo-positive aniline 
formaldehyde resin layer (ϕAFR=1.147 V), which has been ranked as one of the most tribo-
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positive material. Thus, it is reasonable to assume that there is a potential to extend tribo-positive 
material base for the positive end of the triboelectric series. 
Besides, as determined in the works, the extremely high internal impedance of TENG devices 
with the magnitude of megaohms impedes the transmission efficiency of the electric energy. 
Thus, the materials, device structures and encapsulation technique can be optimised in future to 
reduce the device impedance and improve the current output of nanogenerators. 
2) Expanding the selection of tribo-materials 
Although all known materials, (metal, polymer, and ceramics) have triboelectrification effect, 
which can be candidates for fabricating TENGs, the ability of a material to gain/lose electrons 
depends on its polarity. As mentioned, for polymer materials, the tribo-polarity is dependent on 
surface moieties. In this case, existing tribo-materials can be functionalised with the desired 
functional groups for further enhancing polarity. For extending the selection of the high-
performance tribo-materials/tribo-series, new materials can be selected by identifying specific 
functional groups, i.e. pyridine, amine, amide, ether, alkyl halide, etc. Also, it will be worth to 
deep study the actual charge exchange mechanism of the contact charging process for generating 
a standard evaluation criterion for the tribo-property of the materials by combining all possible 
factors, i.e. electron transfer, ion transfer, material transfer, mechano-chemical, etc. 
For practical applications, the selection of tribo-materials depends not only on its tribo-polarity 
but also on other objective factors such as material prices, the cost/difficulty of mass production, 
environmental influence, etc. For a particular purpose, these specific factors may even be more 
important than the output performance of the device. For example, in the field of the bio-
mechatronics, the bio-compatibility and bio-degradability are top-priority factors for the 
selection of materials. In addition, the concept of molecular material can be introduced for 
developing new tribo-material,  which assemblies of individual molecules which are designed 
of with the desired size, shape, charge, polarity, and electronic properties, in response to the 
changing demands of applications. For TENG devices to be applicable for in-vivo applications, 
it is necessary to further extend the list of tribo-materials with the superior bio-compatibility 
with strong tribo-polarity properties.  
3) Power management electronics 
Connecting a general external power management circuit to condition the output of the energy 
harvesters is a conventional strategy to improve energy conversion efficiency. However, it has 
always been considered as the difficulty and bottleneck for the practicability of triboelectric 
nanogenerator. Due to the relatively unstable energy source and the working condition-
dependent output magnitude, the main purpose of a complete energy management circuits for 
TENG based energy harvesting system should include the features of rectification, reduction, 
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stabilisation of the input voltage, storage of the harvested charge, and regulation of the 
voltage/current output as required with high efficiency for electronic devices. Thus, developing 
a universal power management strategy/circuit with higher energy conversion efficiency for the 
proposed TENG devices is still necessary to be ranked as one of the most critical research 
subjects in future works. 
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9 SUPPLEMENTARY 
INFORMATION 
 
Fig. SI 1 (a) Surface, and (b) cross-sectional scanning electron microscopy images of a PA6 
membrane showing the porous surface of the membrane prepared by the phase inversion 
process. 
 
Fig. SI 2 SEM images of (a) surface morphology and (b) cross-section images of the PTFE 
film used as an anti-adhesion layer and the tribo-negative layer. The observed parallel line 
patterns on the surface of the AFR films result from the imprint of the milled PTFE 
substrate used as the anti-adhesion layer. 
